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ABSTRACT 
Double layer barrel vaults are a group of 'lattice space, structures' that are widely used to 
cover large areas. The large areas covered by barrel vaults have been also used by public as 
shelters after earthquakes. So, it is necessary to ensure the safety of these structures against 
earthquakes. Unfortunately, the available research results on the behaviour of barrel vaults are 
rather scarce and there is no universally accepted code of practice for assessing the earthquake 
loading for these structures. One of the main aims of this study is to create a methodology for 
determining earthquake loading on barrel vaults. 
In this work, the linear and nonlinear behaviour of a family of barrel vaults are investigated 
under horizontal and vertical components of earthquakes. The linear dynamic analysis is 
mainly used to establish the equivalent static loading of earthquakes on barrel vaults. The 
nonlinear analysis is used to investigate the ductility and energy dissipation capacity of these 
structures. A significant volume of interesting results is obtained as an outcome of this study. 
it is shown that both horizontal and vertical components of earthquakes may cause some 
elements of these structures to buckle and this may lead to collapse. It is therefore essential 
that barrel vaults are properly designed for earthquakes. 
In the current work, some formulae are suggested for assessing the horizontal and vertical 
effects of earthquakes on barrel vaults. The formulae will ease the task of designing these 
structures. 
To investigate nonlinear behaviour of barrel vaults a recently developed method, namely, 
'pushover analysis method', is employed for the barrel vaults. The results of this analysis 
show that barrel vaults are brittle structures and may involve progressive collapse after 
buckling of some elements. 
Also, in this research, the effects of the presence of snow on barrel vaults during an 
earthquake are investigated. It is shown that the presence of snow increases the vulnerability 
of the barrel vaults. 
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CHAPTER ONE 
Earthquake 
and 
Space Structures 
1.1 INTRODUCTION 
Earthquakes are one of the scourges of mankind. Considerable amount of death and property 
damage is left after each strong earthquake (Figs 1.1 and 1.2). This natural phenomenon is 
emerged in the crust of the earth. Though the sources of the earth jolts are various, from 
human induced ones to natural ones some suggest that human based earthquakes have grown 
up to 30 percent of the total in recent decades. The source of these earthquakes may be atomic 
bombs, basins of large dams surcharge and evacuation of underground organic and inorganic 
materials. However, the natural sources of earthquakes are significant and in these categories, 
as well, they may emerge from different sources. Volcanoes and tectonic plate's movement 
are in this classification and the latter is more significant, both in the amount and the 
magnitudes of the earthquakes it produces. 
In this chapter earthquakes and their effects on space structures are reviewed The rest of this 
Thesis is organised as follows: 
In Chapter 2 the fundamentals of linear and nonlinear dynamic analysis methods are 
reviewed. In Chapter 3 the selected barrel vaults are introduced. In Chapter 4 dynamic 
characteristics of barrel vaults and earthquakes are described. In Chapters 5 and 6 the 
horizontal and vertical effects of earthquakes are investigated. In Chapter 7 the nonlinear 
behaviour of the barrel vaults is discussed. 
1.2 TECTONIC PLATES THEORY 
According to the theory of tectonic plates, the crust of the earth is composed of a number of 
plates of different sizes. These plates may measure sometimes up to continent dimensions and 
are in movement. 
Since the directions and speeds of the movements of these plates are different, they push and 
Arjang Sadeghi II 
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pull each other and at the interface surfaces huge amounts of strains are stored. The interface C, 
rocks, which bear these strains, gain stress gradually until amounts match the rock's yield 
stren-th. 
Fig 1.1 Strong motion effect on ýl IllUlti-Storcy Stf-LICtUrC 
gewý am 0.; - , dr- 
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IL 
Fig 1.2 Another example of earthquake effects on a structure 
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At this moment the rock yields, the ground shakes and a great amount of strain energy is 
released. The released energy that travels as strain waves through the body of the earth are 
called body waves and those travel through the crust called the surface waves. 
1.3 SEISMIC WAVES 
Sudden motion of a fault creates seismic waves. One can liken this process to dropping a 
stone in. water. The -stone creates sudden movement 
in the water, creating water waves that 
propagate outward. In the Earth, the waves are elastic: as the disturbance associated with a 
wave passes through a volume of rock, it applies strains, creating stresses. When the strain is 
removed, that is, when the wave has passed, the stresses vanish and the rocks return to their 
original size and shape. 
There are three types of seismic waves: P waves, S waves and surface waves. Each represent 
a different type of strain associated with the passing wave and each propagates at its own rate. 
1.3.1 Body Waves 
The waves created by the release of energy move through the body of the earth in all 
directions to reach the ground surface. Two types of wave motion, that is, longitudinal waves 
and transverse waves are produced and transmitted through the body of the ground. 
1.3.1.1 P waves 
Solids and fluids alike can deform by compressing and expanding. A wave that propagates, as 
a series of compressional and expansional vibrations is known as a 'compressional wave'. In 
the air, compressional waves are referred to as sound. In the Earth, compressional waves as 
referred to as 'P waves'. P stands for Primus meaning first in Latin. This is an 
acknowledgement that P waves travel faster than all other seismic waves such that they are 
always the first to arrive. As aP wave passes through a medium, particles of the medium 
move back and forth along the direction of the wave passage. The back and forth motion 
causes compression (when particles move toward one another) and expansion (when they 
move apart from one another), which alternate (Fig 1.3). One can liken this to a movement of 
a hanging spring. If the spring is pulled down and then released, it would create aP wave that 
will propagate up and down the spring, causing it to expand and compress creating vibrations 
whose movement is aligned with the spring axes. 
Arjang Sadeghi 13 
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P waves travel at speeds ranging from 1.5 km/s in water to 13.5 km/s near the base of the II 
crest. The velocity of P waves depends upon three properties of the medium it is propagating 
through: Modulus of Elasticity E, Poisson's ratio li and density p. Modulus of Elasticity is a 
measure of how difficult a solid (or fluid) is to compress. A rock with high modulus of Z:! 
elasticity is harder to compress than a rock with low modulus of elasticity. Although it is C7 
often heard that water can't be compressed, it can. In fact, it's much easier to compress water 
than rock. Modulus of elasticity has units of stress, which is force per unit area, or mass / 
(distance ' time * time). Density. the last material property. is familiar. It has units of mass / 
volume. In terms of these three properties, P wave velocity for a homogenous isotropic elastic 
body is 
-E(I 
- Li 
o(l + ýi)(I - 2p) 
Nvhere E is the Young's modulus, p is the Poisson's ratio and p is the ground density. Zý 
1.3.1.2 S waves 
In the case of transverse waves the direction of motion of particles of matter is orthogonal to 1: 1 
the direction of propagation of the waves. Solids resist shearing, therefore waves can 
A 'ano Sade-hi 14 rj Cý Zý 
CHAPTER ONE Earthquakes and Space Structures PhD Thesis 
propagate through them not only by causing compression or expansion, but also by a shearing 
motion perpendicular to the direction of wave propagation (Fig 1.4). These are referred as 
-shear waves'. Within earth, we refer to these waves as S waves since they travel slower than 
the P waves and are second to arrive. 
The shear modulus, which is related to the modulus of elasticity in tension and compression 
and the Poisson's ratio, is a measure of how difficult a solid Is to shear. A characteristic of the 
shearing effects is that the resulting change in the shape does not imply a change in the 
volume. Fluids have no resistance to shear stress this is why, unlike solids, the fluids adapt to 
the shape of a container. 
The velocity of an S wave for a homogenous isotropic elastic body depends only on shear 
modulus and density: 
us (I + 
1.2 
where us is the velocity of the S wave, E is the modulus of elasticity in tension and 
compression, G is the shear modulus, p is the density of the ground and p is the Poisson's Z- 
ratio. It is apparent from the above relation that the velocity of S wave in fluids is equal to 
zero because the shear modulus of any fluid is equal to zero. 
It is normally assumed that /r--0.25 and therefore the velocity ratio is 
1.73 1.3 
But as far as the velocity ratio is concerned, it is actuafly site dependent, and should be 
calculated with the actual values of E and p for a particular site. 
P and S waves are collectively referred to as body waves, signifying that they propagate 1 C7 
throuLyh the 'body of the earth'. 
1.3.2 Surface waves 
When body waves reach the ground surface they create surface waves, which travel parallel to 
the surface of the earth and their amplitudes tend to diminish as the depth increases. Like 
ocean waves, seismic surface waves propagate only along the surface of the earth and the), do 
not affect deeper particles. 
The surface waves occur in the homogeneous ground and there are many kinds of them, of Z' 
greatest interest in earthquake engineering are Rayleigh waves and Love waves. Cý -- 
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1.3.2.1 Rayleigh waves 
PhD Thesis 
'Raylciggh waves* are named after their discoverer, Lord Rayleigh'. Rayleigh waves create 
vibrations that trace out circular paths aligned with wave propagation. They resemble ocean 
wave,; \vith one major difference: the rotate in the opposite direction. Thus a Rayleigh wave 
propagating from left to right would produce circular vibrations moving from right to left at I-IC: 
Cý 
the SUrface and from left to right at depth as shown in Fig 1.5. 
The propagation velocity of the Rayleigh -wave denoted bv vR. is calculated from the Eq 1.4 
that first obtained by Lord Rayleigh in 1885. 
/ I 11 2 2 1 /2 1 2 2 
VR R "R 4ý1 - 
) ) ) 
Vp i's Vs 
1.4 
1 I-John William StrUtt, knomm as Lord Rayleigh [1842-1919] was a prominent British 
physicist and mathematician. His work appeared in 430 published papers and two books, lead 
to many new findings in acoustic, optics, physics and chemistry. He received the Nobel Prize 
for physics in 1904. 
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where I'R, vs, vp are Rayleigh, transverse and longitudinal waves velocities, respectively. A L- C 
real root Of I'R (I'R < VS < VP) of Eq 1.4 can always be found. For example, when the medium 
satisfies Poisson's ratio, lt=0.25, a value near that of many rocks, the speed of Rayleigh 
waves is found from Eq. 1.4 to be 
"R -=: 
0.53vp 
-::!: 
0.92vs 1.5 
Usually Rayleigh waves impose the worst and most devastating effects during an earthquake. It, 
Fig 1.5 Rayleigh waves propagation pattern in the surface of the earth C7 -- c 
1.3.2.2 Love waves 
'Lovel waves' create vibrations somewhat like those of S waves. As a Love v, -ave propagates 
along the Surface, rocks near surface vibrate horizontally back and forth perpendicular to the C, 
direction of wave propagation. The motion somewhat resembles the crawling of a snake, as 
shown in Fig 1.6. Love waves are narned after A. E. H. Love. 
ALIO'Llstus Edward Hough Love [1863-19401 was a British mathematician and geophysicist. 
His work- includes contributions on wave translations on the surface of the earth and internal 
vibration of planets. Many of his contributions are of fundamental importance in current 
geophysical research, especially Love waves and Love numbers, the latter being key numbers 
in the tidal theory. 
Arjang Sadeghi 17 
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Rayleigh and Love waves usuall have the Jargest amplitUdes as compared with the other IyC! 
waves during an earthquake. Since the Rayleigh and Love waves trace out longer paths, they 
arrive in well behind P and S waves. The velocity of a surface wave depends upon the same 
factors as P waves, but it also depends on the period of the wave (time between crests of the 
amplitude of the waves). Longer period surface waves propagate with higher velocity as I Z. - L- 
compared with the short period surface waves. Variation of velocity with wave period is 
called 'dispersion'. 
Seismic surface waves are dispersive, that is, they spread out as they propagate with the long 
period waves leading and shorter period waves trailing, * 
Fig 1.6 Propagation pattern of Love waves on the surface of the Earth 
1.4 SEISMOGRAPHS 
In dealing with earthquake motion in an accurate manner. it is essential to use some 
instruments to monitor the main characteristics of the earthquakes. The first use of an 
instrument to verify the occurrence and direction of an earthquake goes back to 132 B. C. in 
China (Fig 1.7). This instr-ument was a bronze vase with drasonheads and toads. Inside the 
vase swung a long metal pendulum. Outside the vase, eight dra-onheads were mounted onto I r, Z7 
its sides. The dragonheads were evenly spaced apart and each dragon had a ball in its mouth. In Zý 
Beneath each dragon was a toad, with its mouth open. When an earthquake occurred, the C 
Arjang Sade-hi 18 
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pendulum would swing in the direction in which the earthquake occurred. The pendulum 
would hit a rod inside the vase. This rod would knock a ball out of a dragon's mouth. The ball Z: I 
would drop into a toad's mouth. The ball came out in the direction in which the earthquake 
had occurred. This would be a sign of occurrence of an earthquake. However, the modern 
instruments called seismographs were built and used successfully for the first time in Japan in 
1880 [Okamoto 1973]. Seismographs are sensitive instruments desianed to record the Zý Zn 
vibratory motion of passing seismic waves. Seismographs are used to record horizontal or It) 1-ý 
vertical effects of earthquakes. 
Fig 1.7 An artist's impression of the ancient Chinese seismograph Z: ý 1ý 
From the instrumentation point of view, they are categorized as mechanical, magnetic or 
electrical. Also, some seismographs record strong -round motions, while others record low 
tremors. Since the period of motion increases with the increase of distance from the Source of 
the motion to accord the far distance motions it is needed to use high period seismographs, ZI C7 
that is T>20 seconds. On the other hand for near fault earthquakes use of to", period 
seismographs are necessary, as Richter who used a 'Wood-Anderson seismograph having 
period of 0.8 seconds. So two types of seismographs are used simultaneously in a site to 
record low and strong ground motions. 
"Strono-motion seismographs". that are used for recording earth movements of destructive C7 4-- 
intensity, are usually of the mechanical type. These instruments are desil-ned to record high- 
frequency motion with ver lový, magnification, and the recording system is designed to y 
remain inoperative until triggered by an earthquake. Zý, 
A seismograph consists of two major parts: 
A seismoscope to detect and magnify the motion of the earth and Cý 
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0A seismometer that records the ground motion versus time 
To record motion of the ground, the device should not move with the ground. The aim of a 
seismograph is to cause an object to move in a manner different from that of the ground 
surface and then record the relative movement of the ground surface and the object. Most 
seismographs achieve this aim through the use of inertia, that is, resistance of mass to 
acceleration. This type of seismographs is called a "pendulum type seismograph". A simple I Cý 
example of this type of seismograph is shown in Fig 1-8. In this example, a spring is attached 1-1 Cý 
to a relatively heavy mass where the spring effectively isolates the mass from the ground 
motion. A damper is added to seismographs to omit extra motions of it during an earthquake Cý 
and this damper may be pneumatic, hydraulic or other systems. 
Rollers to allow Dain per Spring 
differential movement NI ass 
of the mass -. 
L4ý Hý 
Ea rthqu ake 
direction 
Ground 
Fig 1.8 Schematic illustration of a typical seismograph I 4n 
During an earthquake the spring may expand or contract but the mass remains almost 
motionless, that is, the mass provides a fixed reference. If a pen is attached to the mass with a 
paper connected to the earth, the pen will record the motion of the ground relative to the fixed 
mass. Since the movement of the ground is likely to be in three directions (up/down (U/D), 4-- 
eastAvest (EIIA'), and north/south (N/S)), seismographic stations Usually have three 
seismographs. each recording one direction of ground movement. The records they produce 
are called 'seismograms'. A sample seismogram is shown in figure 1.9 that illustrates some 
features of the seismic waves. As can be seen from the figure. the surface waves are well 
behind the P and S wa-ves. see Section 1.3.1. Furthermore, their amplitude is much greater 
than the body waves. 
At the bottom of the figure is a magnified section of the seismograph. It 
is possible to see the 
C7 CI 
distinct arrival times of P and S waves, which can provide a means of measuring the 
distance 
of the earthquakes focus from the recording station. 
A jang Sadeghi rj Z-:, 
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Seismogram of the IzmIt, Turkey Earthquake 
(17/08/99, Ms 7.8) recorded by Weston Observatory 
Seismic Station in Devlin Hall Department of 
Geolo, (,,, y and Geophysics, Boston College 
P wave S wave 
minute 
1.5 ACCELEROGRAPHS 
1-4 
I minute 
Surface waves 
P wave: Arrives at Boston College carnpus about 
II minutes after the origin time 
of the earthquake. 
Fig 1.9 A typical seismogram C 
Seismographs mainly record the relative movement of the ground during an earthquake, while 
from the point of view- of the structural engineering it is more useful to have the ground tý Zý 
acceleration records. 'Accelerographs' are especially designed seismographs to detect and 
record the acceleration of strong cyrOUnd motion. Accelerographs were used for the first time Z4 Cý 
in 1933 in Long Beach earthquake, California [Chopra 2000]. Zý 
The basic element of a modern accelerograph is a transducer. which in its simplest form is a Zý 
single degree of freedom mass-spring-damper system like the one shown In Fic'ure 1.8. The C, III Cý 
transducer is characterized by its natural frequency f, and viscous darnpincy coefficient C. 
Typically, f,, =25Hz and C=600110 for analogue accelerographs and f,, =50Hz and C=70% in 
digital accelerographs. C7 
The term 'accelerogram' is used to refer to a paper trace of the acceleration-time graph 
recorded at a station for an earthquake. Integrating acceleration time-history once with respect 
I istory. to time gives the velocity time-history. Integrating twice gives the displacement time-hi 
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The peaks of the acceleration, velocity and displacement time histories are of importance, 
although, they may not necessarily occur at the same instant of time. 'Peak Ground 
Acceleration', PGA, is of fundamental interest in structural engineering since it is directly 
involved in the force induced by an earthquake. However, recent investigations reveal that 
'Peak Ground Velocity', PGV, is also of importance for flexible structures [Cao 2000]. PGA 
is used as a measure of input ground motion at the base of the structure and mostly is scaled 
with the acceleration of gravity g. Strong ground motions are the common name for 
earthquakes having PGA's bigger than 0.3g 
1.6 EARTHQUAKE LOADING 
To design an. earthquake resistant structure the intensities and distribution of the earthquake 
loads should be known as closely as possible. There has been considerable work carried out to 
define suitable earthquake loading for structures. As a result, several methods have been 
established that have proved to be effective. However, there are significant differences 
between these methods regarding the amount of the necessary computational effort. 
The main aim of these design methods is to ensure that the resulting structure satisfy the 
following criteria: 
1. Damage limitation requirement: 
The structure withstands the strongest seismic action that will occur at the site of the 
structure during its lifetime, that is, lifetime earthquake. In this case the structure 
should not be damaged to such an extent to cause limitations of use. Also the cost of 
repairing the structure should not be disproportionately high in comparison with the 
cost of the structure itself. 
2. No collapse requirement: 
The structure withstands the seismic action that could be expected at the site, on the 
basis of a chosen return period, that is, design earthquake. The return period may vary 
for different kinds of structures on the basis of the consequences of failure. For 
example, the return period for nuclear power plants is 
from 1000 to 10,000 years. 
Because the 'design earthquake' is unlikely to occur within the life of the structure, 
it 
is permitted to cause significant structural damage. 
However, collapse and serious 
personal injury or loss of life should not occur. 
Most earthquake prone countries have established their own codes 
for evaluating the loads of 
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earthquake on ordinary structures. Some of the countries that devote more attention to 
research on this field have codes for loading of earthquakes that are of importance and often 
are used by other countries. Countries in this category are: United States of America, Japan, 
New Zealand, China, Canada and France. 
Until recent years, most of the western and northern European countries paid no attention to 
the effects of earthquakes on structures. The main reason for this attitude was that these areas 
are not normally seismically active. However, after the implementation of the idea of the 
United Europe, unified codes of practice for loading and design of structures for the whole of 
Europe had to be established. One of these codes is called "Eurocode" and different parts of it 
cover major fields of current practice in the civil engineering domain. Among these, 
"Eurocode 8" is concerned with the earthquake loads on different structures and is based on 
the recent findings of the researches in this field. In what follows, the general aspects of 
Eurocode 8 will be discussed. 
Eurocode 8 [1998] defines the main approaches for the determination of seismic loading for 
structures as follows: 
" elastic response spectrum method, 
" time-history analysis method, 
" power spectrum analysis method and 
" frequency domain analysis method. 
A brief description of each of these methods is given below. 
1.6.1 Elastic Response Spectrum Method 
This method (sometimes called the equivalent static loading method) defines a static 
horizontal load as follows: 
Vb=aXW 
where 
0 Vb is the total horizontal static force of the earthquake or base shear force, 
1.6 
ea is a constant that depends on the characteristics of the structure and the surrounding 
soil and 
0 Wis the effective weight of the structure (typically, 
deadweight plus a certain part of 
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the live load). 
For the determination of a, the "design response spectra: " are used. These spectra relate the 
earthquake effects - that is, displacement, velocity and acceleration - with the fundamental 
period of the structure. In construction of the design response spectra, the effect of the type of 
the soil at the site of the structure is considered, as well. 
The base shear force calculated from Eq. 1.6 is distributed on the structure according to the 
distribution mass of the structure and the relative stiffness of its lateral resistant systems. As 
far as the high-rise buildings are concerned, the distribution of the base shear force Vb across 
the height of the structure is assumed to be according to the shape of the first mode. This type 
of force distribution assumes that the mass and the stiffness of the structure are distributed 
uniformly across the height of the structure. 
Although the design response spectrum is based on the results of the analysis of elastic linear 
SDOF systems, the codes allow it to be applied to both non-linear and multi-degree of 
freedom systems (MDOF). 
Some important aspects of the elastic response spectra method are as follows: 
1. The design response spectra are constructed for the horizontal action of earthquakes. 
However, the same spectra are also used for the vertical earthquake action, after 
applying a reduction factor. 
2. The fundamental period of the structure, in the current codes of practice, is considered 
to correspond to the first mode of horizontal vibration. Also, it is assumed that the 
mass of the structure is concentrated at the floor levels and the floors are infinitely 
rigid and do not deform in their planes. 
3. The codes prescribe various formulae for the determination of the fundamental period 
corresponding to the first horizontal mode of a multi-degree of freedom system. In this 
relation, it is assumed that the masses and the vertical distances between the floors are 
the same and the variation of the stiffness along the height of the structure 
is uniform. 
A typical formula for the fundamental period of high rise buildings is as follows: 
T=C, xH3'4 
1.7 
where 
T is the fundamental period of the structure in seconds, 
C, is a constant depending on the material and the form of the 
lateral resistant system 
of the structure and 
Arjang Sadeghi Z-4 
CHAPTER ONE Earthquakes and Space Structures PhD Thesis 
H is the height of the structure in meters. 
4. The basic design response spectra are constructed for a damping ratio of 0.05 and 
these spectra are then to be modified for other damping ratios. 
The above-mentioned aspects have made this method quite simple and easy to use. As a result 
more than 90% of the structures are designed according to this method. 
1.6.2 Time-history Analysis Method 
In the time-history analysis method, a number of acceleration time-histories are applied to the 
base of the structure and the structure is analysed dynamically. The number of accelerograms 
to be used should be such as to give a stable statistical measure (mean and variance) of the 
response forces and deflections. According to Eurocode 8 [1998] at least 5 accelerograms 
should be used, where some other codes consider the use of 3 accelerograms as a minimum. 
In a case when sufficient recorded accelerograms are not available, construction and use of 
artificial or simulated accelerograms are accepted by the codes. Artificial accelerograms are 
constructed using the design response spectrum. Applying stochastic dynamic procedures, an 
artificial accelerograrn is created whose effect matches the design response spectrum [Clough 
and Penzien 1993]. Using other similar earthquakes at the site, simulated accelerograms are 
established by physical simulation of the source mechanism of the faults and the travel path of 
seismic waves [Jenning et al 1968]. However, the increasing number of recorded 
acclerograms, due to the extension of the accelerograph networks all around the world, has 
made the use of artificial accelerograms unnecessary [Bommer 2000]. 
It is worth noting that the type of soil affects the accelerograms significantly. Newman and 
Rosenblueth [1971], Niazi and Bozorgnia [1991] and Elnashai and Papazoglu [1997] have 
considered the effects of soil characteristics over different kinds of waves of earthquakes. 
1.6.3 Power Spectrum Analysis Method 
The seismic motion at a given point on the ground surface may also 
be represented as a 
random process. This process is involved with a power spectrum that 
is the power spectral 
density function of an earthquake. This function is produced by random processing. 
The 
function involves squares of spectral values and is called the elastic response spectrum 
[Clough and Penzien 1993]. 
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1.6.4 Frequency Domain Analysis Method 
The frequency domain analysis method is an alternative method for the dynamic solution of 
the differential equation of motion. Some of the main particulars of structures, such as the 
stiffness and the damping characteristics, are dependent on the frequency rather than the time. 
Thus, the frequency domain approach may be more appropriate than the time domain 
approach. 
In the frequency domain analysis the applied load is expressed in terms of harmonic 
components (see Section 2.33). The response of the structure having a specific frequency is 
obtained according to all of these harmonic components, and then the harmonic responses are 
superimposed to obtain the total structural response. This method is used for the analysis of 
linear elastic structures [Clough and Penzien 1993]. 
1.7 DEFINITION OF A SPACE STRUCTURE 
The term "space structure" refers to a structural system that involves three dimensions. This is 
in contrast with a "plane structure", such as a plane truss, that involves no more than two 
dimensions. To elaborate, in the case of a plane structure, the external loads as well as the 
internal forces are in a single plane. This is the plane that also contains the (idealised) 
structure itself, both in its initial unloaded state and in its deformed loaded state. In the case of 
a space structure, the combination of the configuration, external loads, internal forces and 
displacements of the structure extends beyond a single plane. 4P 
The above definition is the 'formal definition' of a space structure. In practice, the term 
44space structure" is simply used to refer to a number of families of structures that include 
grids, barrel vaults, domes, towers, cable nets, membrane systems, foldable assemblies and 
tensegrity forms. Space structures cover an enormous range of shapes and are constructed 
using different materials such as steel, aluminium, timber, concrete, fibre-reinforced 
composites, glass, ... or a combination of these. 
Space structures may be divided into three categories: 
" 'lattice space structures' that consist of discrete, normally elongated, elements, 
" 4continuous space structures' that consist of components such as slabs, shells, 
membranes, and 
biform space structures' that consist of a combination of discrete and continuous 
parts. 
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There are numerous examples of space structures that are built for sports stadiums, 
gymnasiums, cultural centres, auditoriums, shopping malls, railway stations, aircraft hangars, 
leisure centres, transmission towers, radio telescopes, supernal structures (that is, structures 
for outer space) and many other purposes. 
The term "spatial structure" is sometimes used instead of "space structure". The two terms are 
considered to be synonymous [Nooshin 1998]. 
Of the above-mentioned three types of space structures, the lattice space structures are more 
popular (Fig 1.10). 
In some literature these structures are also referred to as "reticulated structures", "skeleton 
frameworks" and "braced structures". Lattice space structures may be divided into two 
groups: 
" lattice space structures with pin joints which, normally are double layer or multilayer 
and 
" lattice space structures with rigid or semi-rigid joints which, frequently are single 
layer. 
The latter is also sometimes called "space frames". Hereafter in this context, the term "space 
structure" would refer to the lattice space structures with pin joints. The most common types 
of space structures are: 
single or multi-layer grids, 
single or double layer barrel vaults, 
single or double layer domes, 
compound of these types of space structures. 
Barrel vaults are the focus of attention in this research with emphasis on double layer ones. A 
barrel vault is obtained by arching a grid along one direction. The result is a cylindrical form 
that may involve one, two or more layers of elements. Some examples of barrel vault 
configurations are shown in Figs 1.11 and 1.12. Fig 1.11, illustrates some single layer 
barrel 
vaults, while Fig 1.12 illustrates some double layer barrel vaults. 
A barrel vault with a chessboard pattern is often referred to a "two-way barrel vault". A barrel 
vault with a diagonal pattern is often referred to as a "lamella barrel vault". Also, a 
barrel 
vault with a triangular pattern is often called a "three-way barrel vault". 
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i) Single layer hyperbolic tower 
Fig 1.10 Some samples of the lattice space structures 
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g) Single layer lamela barrel vault 
h) Single layer Scallop dome 
Double layer barrel vault 
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a) Double layer grid 
e) Single layer diamatic dome 
Fig 1.10 Some samples of the lattice space structures (continued) 
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c) Single layer grid dome 
b) Compound double layer grid 
d) Single layer paraboloid vault 
f) Folded plate shell dome 
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Fig 1.11 Principal types of single layer barrel vaults 
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(b) Three-way tjype (a) Foppl's type 
(d) Lamella type (c) Three-way type 
(f) Hexagonal type (e) Three-way type 
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Fig 1.12 Some examples of double layer barrel vaults 
1.8 HISTORICAL REVIEW 
Space structures are not a new type of structural system. During the past two centuries, 
thousands of these structures have been built in one form or another. Hundreds of publications 
concerning various aspects of their analysis, design and construction have been written and 
the technology associated with these structures is highly developed in many areas. 
The best early example of a space structure is the Crystal Palace, Fig 1.13, which was built for 
the Great Exhibition of 1851 in Hyde Park in London and designed by Joseph Paxton. Its iron 
frame was prefabricated in sections and its glass panels, set into wooden sash-windows, were 
of standard 1.2 m lengths. 
Most of the interesting developments of space structures took place after the young engineer 
from Leipzig, August Foppl wrote his first book on Space Structures under the title, ' Theorie 
des Fachwerks' (Theory of Lattice systems) in 1880. Among a few who appreciated Foppl's 
theories of calculations of space frames was Gustave Eiffel who built the viewing tower, 
named after him, for the Paris World Exhibition of 1889 (Fig 1.14). This 300m tall structure 
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Figg 1.13 An artist impression of the Crystal Palace, 1851 in London 
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Fig 1.14 Some stages of construction of the Eiffel Tower (1887-1889), Pat-is Zý - 
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is the first space structure built in steel with its calculations based on three-dimensional 
geometry. Exhibition of 1889 included two great structures. The second to the Eiffel tower 
was the Machine Hall that was about I 10m wide and had 45m. internal height. 
The famous Scottish engineer Alexander Graham Bell, known mainly for his invention of 
telephone, carried out extensive experiments with prefabricated multi-layered space frames in 
1907. Bell successfully built powered biplanes and observation towers using mass-produced 
prefabricated standardised tetrahedral units of rods, tubes and trussed skin. 
The invention of 'pneumatic structures' in 1917 by Lanchester opened a new field in the area 
of space structures. 
In 1940 R. Le Ricolais of the University of Pennsylvania, U. S. A carried out detailed studies 
on the skeletal configurations of certain natural forms. He observed that the geodesic types of 
spherical surfaces have been used in the skeletal structures of sea fauna, Radiolaria and algae, 
thus he demonstrated the natural evidence of the economy of space frames. 
The impact of industrialisation on prefabricated space structures around 1940 has proved to be 
most significant. It has allowed economical standardisation of the component parts and in the 
hands of a creative architect it offers ample flexibility and leads to imaginative designs. 
The first commercially successful space structure system was the MERO system developed 
by Max Mengeringhausen, which was put on the market in 1942 in Germany. The success of 
the MERO system has induced the invention of a large number of systems. The notable 
successful systems are the Mero, Unistrut, Space Deck, Triodetic, Unibat and NS truss 
systems (see Fig 1.16). 
Regarding the fabrication of space frame components, the accuracy is an important and 
necessary aspect. Recently, high precision numerically controlled machines have been used to 
enhance the accuracy and efficiency of marking, drilling, cutting and other manufacturing 
processes. 
After the 1960's, subsequent to the major advances in the constructional techniques and the 
popular use of electronic computers, the use of space structures has been considerably 
increased. 
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Fig 1.15 Osaka International Trade Fair Square, 111tex Plaza (Osaka, Japan, 1985) [TM Truss] 
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Fig 1.16 Some examples of the Jointing systems used in space structure connections 
Arjang Sadeghi 
35 
0 C, 
Chapter One Earthquakes and Space Structures PhD Thý!,,, iý 
Web member 
Bolt 
0 0 
Plate 
0 0 JoInt 
B 6 
J 
Section A-A Chord member 
Bolt Web member 
Chord member 
A 0 A 
0 0 0 0 
J 
0 
Web member Plate joint 
0 
Chord member 
View B-B 
b) Unistrut jointing systern 
Fig 1.16 Some examples of the jointing systems used in space structure connections ID 4D 
(continued) 
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Fig 1.16 Some examples of the jointing systems used in space structure connections 
(continued) 
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1.9 PREVIOUS WORKS 
Published information on earthquake effects on space structures are as follows: 
Lan and Qian [1996] reported that in 1985 a strong earthquake (Mý=7.4) in the Kashigar 
District in China hit a double layer grid. This space structure covered a 27m by 27m theatre 
and, at the time of the event, the structure was supporting nearly half the design load. The 
report states that some members of the upper layer had buckled near the supports and some of 
the members were found to be loose. Also, one of the web members had fallen off. 
Saka et al [19971 reported that a double layer lattice compound cylindrical roof suffered 
serious damage during the Hyogoken Nanbu. (Kobe) earthquake in 1995. The span of this 
structure was 30 m and the roof was constructed using a standard ball jointing in system. 
Damage reported included buckling of some web members and the failure of some chord 
members near the supports (Fig 1.17). 
Kawaguchi and Hangai [1997] and Kawaguchi [1997] reported other damages during the 
same earthquake. In their report too, there are different instances of buckling of chords and 
web members. 
Elnashai and Papazoglu [19971 found significant differences between the horizontal and 
vertical components of the earthquake effects. They have shown that the vertical components 
in - near-field area are associated with higher frequencies. Also, the ratio of the vertical to 
horizontal components, VIH, in the near-field is more than 2/3 which is the commonly 
accepted rule used in building codes after Newmark et al [19731. Therefore, the vertical 
components of the earthquake effects should be taken seriously. 
This matter has been also investigated previously by Robertson [1984] who considered the 
importance of the vertical component of earthquakes on space structures. He states that space 
structures, especially long span structures, are prone to the destructive effects of vertical 
motion where the seismic excitation has more energy. He suggests that a free vibration study 
of the structure should be performed first. If there is any indication that the structure is prone 
to seismic damage, a dynamic analysis should be performed. 
Karamanos and Karamanos [1993] investigated the effects of horizontal seismic action on 
common types of double layer grids in accordance with the seismic design codes. They 
conclude that in the presence of significant vertical loads, additional member loading due to 
an earthquake may cause buckling of critical members with possible catastrophic 
consequences for the structure. 
Ishikawa and Kato [1993a, 1993b, 1997a and 1997b] and Kato et al [1984,1986,1993,1996, 
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c) A broken truss member 
PhD Thesis 
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the central part of the 
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e) Member buckling near 
the support in the 
cylindrical roof 
Fig 1.17 Some examples of the effects of the Kobe Earthquake. Japan, 1995 on space Cý 
structures 
1997 and 1999] have proposed a method to predict the collapse acceleration of lattice space 
Structures. The), established a formula to relate the collapse acceleration to the maximum 
acceleration of input motions and the maximum displacement of a critical node under static 
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ultimate load. The main aim of this method is to simplify the analysis of space structures by 
carrying out a linear dynamic analysis. 
Tada et al [1991] introduced a force-limiting device (FLD) to improve the seismic capacity of 
double layer space structures. They have concluded, through experiments, that the FLI)s 
should be positioned such that the defon-nation of the FLDs leads to a kinematically 
admissible state. This will effectively increase the seismic capacity of double layer space 
structures. 
Cheong et al [1999] studied the effects of the rigidity of a single layer lattice dome under the 
Kobe earthquake, Japan, 1995. They concluded that considering the effects of multi- 
directional earthquake motion, the bearing capacity of members of the dome reduces by the 
interaction effects of axial force and bending moment. Also, the interaction effect of bending 
and axial force is larger when the rigidity of joints reduces. 
Yigang et al [2000] studied aseismic characteristics for single layer lattice shell of Hyperbolic 
paraboloids and concluded that their dynamic characteristics are regular. Also they claimed 
that the response of the structure due to horizontal due to horizontal earthquake is larger than 
that due to vertical earthquake. It should be noted that the data for the analysis of earthquake 
effects has been extracted from the response spectrum in Building Aseismic Design Code of 
China. 
Kunieda et al [2000] carried out some tests to get real vibrational characteristics of two single 
layer barrel vault built in Japan as the roofs of two gymnasiums of primary schools. These 
two structures were slightly damaged in the Kobe earthquake of 1995. One of the major 
conclusions of these tests was that the damping ratio of the first mode was considerably 
smaller than the value of 2% used generally. 
Kato et al [2000a] investigated the effects of yielding of the bearing on the behaviour of the 
trussed girder supported by two different columns under severe earthquake motion and 
concluded that 
A) yielding of sub-structure suppress the responses of trussed girders, 
B) the loose-holes installed in the rigid bearings suppress the ductility factor of the 
columns but increase the forces of the truss members around the supports even if the 
columns yield 
Q the elasto-plastic bearings with loose-holes suppress both the ductility factor of 
column and the response of the trussed girders. 
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Kato et al [2000b] carried out an investigation on a single layer dome located on peripheral 
walls. They analysed the structure under the horizontal and veftical effects of Kobe 
earthquake, 1995 with and without base isolation between the dome and the walls. They 
concluded that the horizontal ground motion causes very large vertical accelerations and axial 
forces in the dome without seismic isolation system compared to the vertical ground motion. 
Also they concluded that installing the seismic isolation system between the dome and the 
lower structure is effective to significantly reduce vertical accelerations caused by the 
horizontal seismic ground motion, thereby reducing responses under the simultaneous input of 
both the horizontal and vertical seismic ground motions. In this investigation they considered 
the behaviour of the material as elasto-plastic without considering the to the post-buckling 
behaviour. 
Fujimoto and Oda [1997] analysed a3 bay double layer barrel vault that has suffered tensile 
fracture and buckling to few members around the supports and rupture to few joints by Kobe 
earthquake, Japan 1995. Assuming the behaviour of elements to be elasto-plastic and 
coefficient of damping of the steel space structures 0.03, they concluded that the displacement 
response of the space structure with substructure included in dynamic analysis is 10 times the 
response of the structure without considering the substructure. Furthermore, yielding of truss 
elements rarely appeared in the case of when substructure was not included. 
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2.1. INTRODUCTION 
The customary starting point in discussing the structural dynamics is by introducing a single 
degree of freedom model. The single degree of freedom model consists of a lumped mass, a 
linear elastic spring and a damper, as shown in Fig 2.1(a). The external exciter may be an 
initial or time dependent displacement, velocity, acceleration or force. 
spring 
-AAM' mass ku oM ly 
damper 0 1, P0P 
---E- cd .0 
loll., -Ixlolloý- 1- "7,; 91, ; ýzly, x 
uIfaII wr 10 
(a) (b) 
Fig 2.1 A planar rigid frame modelled as a spring mass damper system 
Any of these exciters makes the mass;, ýkibrate and induce forces in the spring, the mass and v 
the damper. The resultant force along the axis corresponding to the degree of freedom for this 
system may be shown as 
fI + fD +A -"ý P(t) 2.1 
where 
f, = mii 2.2 
fn cii 2.3 
f, ku 2.4 
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In which f, is inertia force, fD is damping force, f, is elastic force, m is the mass, c is the 
coefficient of damping, k is the stiffness of the spring and u, 4 and U are the relative 
displacement, velocity and acceleration of the mass, respectively. 
Substituting Eqs 2.2,2.3 and 2.4 in Eq 2.1 gives 
mii + cli + ku = P(t) 2.5 
which is called the "equation of motion" for an elastic system. 
2.2 EQUATION OF MOTION DUE TO EARTHQUAKE 
Earthquakes are one of the major sources of dynamic excitation in the structures. An 
earthquake does not apply direct force on a structure, but-it causes an accelerated motion in 
the base of the structure. That is, P(t) in Eq 2.5 is equal to zero. A single degree of freedom 
system which is typically composed of a mass, a spring and a dash-pot damper responds to 
this action by the displacement of the mass. This displacement (response)- denoted here by 
u'-is called the 'total displacement' or 'absolute displacement' of the mass. The total 
displacement is composed of the displacement of the earth u. and the 'relative displacement' 
J 
of the mass with respect to the ground u, (as shown in Fig 2.2), that is: 
t u=u9 +U 2.6 
The first term of the right-hand side of the above equation is sometimes referred to as the 
'rigid body motion' of the mass and the second term is the deformation of the spring of the 
system. If the mass is firmly fixed to the ground or if the stiffness of the spring is infinite, the 
only movement will be the rigid body motion term. On the other hand, if the mass is 
connected to the ground loosely or the stiffness of the spring is low, the prominent motion of 
the mass of the system will be the relative displacement u. The latter case is known as the 
isolation of the base of the system, which permits the system to vibrate independently from 
the earthquake motion. However, the base isolation is not a part of this study. 
Using the concept of dynamic equilibrium, from the free body diagram of the model shown in 
Fig 2.1, the equation of dynamic equilibrium for an earthquake-induced motion is 
fl + fD + fs'ý- 2.7 
It should be noted that only the relative movement of the mass u with respect to the ground 
produces elastic and damping forces in the system. In other words, the rigid body component 
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of the displacement of the whole model produces no internal forces. Thus, for a linear elastic 
system where the forces and displacements of the system are related'by a constant stiffness, 
Eqs 2.3 and 2.4 are still valid. 
(a) 
x 
(b) 
)o 
Fig 2.2- A lumped mass affected by ground motion 
However, the inertia force f, is related to the total acceleration of the mass W by 
f, = Mal 2.8 
Substituting Eqs 2.3,2.4 and 2.8 into Eq 2.7 gives 
mii'+ cli + ku =02.9 
From Eq 2.6 and 2.9, it follows that 
m(ii + iig) +6+ ku =02.10 
or 
mii + cii + ku = -miig 
2.11 
This is the equation of motion governing the relative displacement or deformation u of the 
linear structure of Fig 2.2 subjected to ground acceleration U9 - 
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Comparison of the Eqs 2.5 and 2.11 shows that the equation of motion for a structure 
subjected to the ground acceleration fig is the same as the equation of motion with an external 
force -mdg. Thus the relative displacement or deformation u of the structure due to ground 
acceleration fig will be identical to the displacement u of the structure if its base were 
stationary and if it were subjected to the external force -mUg . Hence, in this case at each 
instant of time 
P, 
ff 
(t)'= -Miig (t) 2.12 
The subscript 'eff indicates the fact that P,, (t) is not a directly applied force, but is imparted 
on the structure through the ground acceleration. That is, the 'effective' force is equal to the 
mass times the ground acceleration acting opposite to the ground acceleration. 
It can be seen from this brief discussion that using accelerogram would be the most suitable to 
consider the effects of actual earthquakes on the structures. 
2.3 SOLUTION METHODS FOR THE DYNAMIC EQUATION OF MOTION 
Given the mass m, the stiffness k of a linearly elastic system, the coefficient of damping c, and 
the dynamic excitation source- which in this case is the ground acceleration ii, (t) - the 
problem is to predict the response of the system. The mass-sPring-damper system is a single 
degree of freedom system that may be an idealisation for one-storey buildings. The term 
4response' is used to mean any reaction of the structure to the dynamic stimulus. The response 
of a structure may include structural displacement, internal forces, stresses and strains, 
velocity, and acceleration of the mass. One should bear in mind that all types of responses are 
variable with respect to the time. 
The equation of motion for a linear single degree of freedom system subjected to external 
forces, that is, Eq 2.5, is a second order differential equation. Different methods have been 
introduced to solve Eq 2.5 and the most used ones are as follows: 
* Closed-form method or classical method 
9 Duhamel's method 
9 Transform method 
o Numerical methods 
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2.3.1 Closed-form Method 
The complete solution of the linear differential equation of motion as expressed by Eq 2.5 
consists of the sum of the complementary solution u, (t) and the particular solution up(t), 
that is, 
U(t) =U, (t)+u p (t) 
2.13 
Since the equation of motion is of second order, two constants of integration are involved in 
the solution. The constants afedependant on the initial conditions of motion. Typically, the 
structure is at rest before the onset of the dynamic excitation. In the case of the earthquake as 
applied to structures, initial velocity and displacement are taken as zero. 
The closed-form method is a well-established method that is fully described in many 
textbooks [Clough et al 1993 and Chopra 2001] and therefore it has not been discussed here. 
The closed-form method is useful in dealing with solving the differential equation for free 
vibration and when the excitation function can be described analytically as a harmonic, step or 
pulse functions. 
2.3.2 Duhamel's Method 
A well-known approach to the solution of linear differential equations, such as the equation of 
motion of a single degree of freedom system (SDOF) is based on representing the applied 
force as a sequence of infinitesimally short impulses. The response of the SDOF system to an 
applied acceleration iig (t), at time t is obtained by adding the responses to all impulses up to 
that time. Developing this method leads to the following result, known as Duhamel's, integral 
for SDOF systems (Fig 2.3): 
I 
U(t) 
f 
miig (t). e-; w- U-r) sin[co,, (t - r)]dr (t ý! T) 2.14 MWn 0 
where co. = -, 
fk- -1m 
,ý is the damping ratio, z- is the start time of a typical pulse of 
the 
excitation and fig (t) is the ground acceleration. 
1 Jean-Marie Duharnel (1797-1872) was a recognized French academician and 
mathematician. Duharnel worked on partial differential equations and applied his methods to 
the theory of heat, to mechanics and to acoustics. His acoustical studies involved vibrating 
strings and the vibration of air in cylindrical and conical pipes. 
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Since the ground acceleration trace does not follow any regular patterns, Duhamel's integral 
can be evaluated by numerical methods. 
2.3.3 Transform Methods 
Another powerful method to solve the linear differential equations in particular for a linear 
single degree of freedom system is a transform method. Laplace' transform method and 
Fourie? transform methods are two popular transform methods for solving the dynamic 
equation of motion. Here only the Fourier transform method, which leads to the frequency- 
domain method of dynamic analysis, has been introduced. 
In the Fourier transform method the excitation function p(t) (or -miig(t)) is defined by a 
Fourier transform function as: 
co 
P(iw) =F [p(t)1 e-w'p(t)dt 2.15 
Thus, as is apparent from the above formula, the first step in Fourier transform method is the 
substitution of the variable t by an imaginary-valued variable iW, where i is equal to NE-1 and 
co is the natural circular frequency of the system. The algebraic equation 2.15 is readily 
solved for u(iw), rather than u(t). 
Finally the solution u(t) of the differential equation is determined by an inverse 
transformation of u(iw), which can be symbolized by 
co 
U(t) =2f H(io. ))P(iw)e-"'dt 2.16 
1 Pierre-Simon Laplace (1749-1827) was a prominent French mathematician, physicist and 
academician. He has ma or contributions in the field of differential equations and their i 
applications to the mathematical astronomy and to the theory of probability. Laplace applied 
his ideas to physics and to other problems as capillary action, double refraction, the velocity 
of sound and the elastic fluids. 
2 Jean Baptiste Joseph Fourier (1768-1830) is a known French mathematician, His 
outstanding contribution to mathematics was the introduction of the expansion functions as 
trigonometric series, what we now call Fourier series. He also derived some equations relating 
to the transfer of heat. 
Arjang Sadeghi 49 
CHAPTER TWO Fundamentals of Dynamic Analysis PhD Thesis 
where P(io)) gives the amplitudes of all the harmonic components that make up the 
excitation function and H(io)) is the complex frequency-response function that describes the 
response of the system to harmonic excitation. 
P 
T 
du 
* Response to Impulse I 
du 
Response to Impulse 2 
du 
Starting Point of Impulse 2 
t 
t 
Response to Impulse i 
t 
du 
- 
Total Response 
Starting Point of impulse i 
Fig 2.3- Schematic explanation of Duhamel's integral 
t 
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For the single degree of freedom systems the integral of Eq 2.15 is evaluated by contour 
integration using the residue theorem of complex analysis. Closed-form results can be 
obtained if p(t) is a simple function. Application of the Fourier Transform method was 
restricted to such p(t) until high-speed computers became available, while it is now used for 
the dynamic analysis of linear systems against complicated excitations p(t) or U, (t) that are 
described numerically. The integrals of both Eqs 2.15 and 2.16 are evaluated numerically by 
the discrete fast Fourier transform (DFFT) computational algorithm developed in 1965 
[Cooley-Tukey, 19651. 
Eq 2.16 may be interpreted as evaluating the harmonic response of the. system to each 
component of the excitation and then superposing the harmonic responses to obtain the 
response u(t). This characteristic limits this method to linear dynamic problem. 
The frequency-domain method, which is an alternative to the time-domain methods such as 
Duhamel's integral, is especially useful and powerful for dynamic analysis of the structures 
interacting with their unbounded media. So it is used in problems where the soil-structure 
interaction plays a significant role of the behaviour of the structure. 
2.3.4 Numerical Methods 
Most structures involve more than one degree of freedom and one discrete lump of mass. 
These structures are treated as either: 
systems with distributed mass and distributed stiffness or 
systems with lumped or discretised mass and stiffness. 
In practice, lumped mass systems are more popular, because dealing with distributed entities 
in a structure is more complicated. In this work only lumped mass systems will be discussed. 
The equation of dynamic equilibrium of an elastic lumped mass body can be written in matrix 
form as 
Mlj+CO+KU=R 
where: 
*M is the mass matrix of the system, 
9C is the damping matrix of the system, 
9K is the stiffness matrix of the system, 
2.17 
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"R is the external load vector and 
" U, 0 and & are displacement, velocity and acceleration vectors of the dynamic 
motion, respectively. 
The mass matrix M for a lumped mass system is a diagonal matrix that comprises of the 
masses associated with the degrees of freedom of the system. The stiffness matrix K of the 
system is an assemblage of the stiffness matrices of the elements of the system 
The damping matrix C is, theoretically, an assemblage of damping matrices of the elements of 
the system. However, in practice it is difficult, if not impossible, to determine the elements of 
the damping matrices accurately. This is so, because amongst other things, the damping 
properties are frequency dependent. For this reason, the matrix C is normally, not assembled 
from element damping matrices, but is constructed using the mass matrix and stiffness matrix 
of the system together with some experimentally based facts. Some practical formulations 
used to construct damping matrices are described in Section 2.6. 
Mathematically, Eq 2.17 represents a system of linear differential equations of second order 
and, in principal; the solution to the equations can be obtained by standard procedures for the 
solution of differential equations with constant coefficients. However, the procedures 
proposed for the solution of general systems of differential equations can become very 
expensive if the order of the matrices is large. In practical finite element analysis, commonly 
the interest is over a few effective methods that will be considered in the following sections. 
These procedures are divided into two categories of solutions: 
" direct integration methods and 
" mode superposition methods. 
Although the two categories of solutions may at first sight appear to be quite different, in 
fact, they are closely related, and the choice for one approach or the other is determined only 
by their numerical effectiveness. 
While a mode superposition method is applied only to linearly elastic structures, a direct 
integration method can be used for either' materially linear or non-linear systems. 
2.4 DIRECT INTEGRATION METHOD 
Any method for direct numerical integration of second order differential equations of motion 
may be visualized as some type of finite difference formulation. Although the finite element 
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method is used for discretisation of a structure in space, the discretisation of the analysis in 
time is more conveniently handled by finite differences. 
In the direct integration method, Eq 2.17 is integrated using a numerical step-by-step 
procedure in the time domain. The term "direct" implies that prior to the numerical 
integration, no transformation of the equations into a different form is carried out. 
Direct numerical integration involves two basic notions: 
, 
The dynamic equilibrium equations are satisfied at only discrete time intervals At apart rather 
than satisfying Eq 2.17 at any time t. 
The variation of displacement, velocity, and acceleration within the time intervals At are 
changed to simpler assumed shapes. These assumptions lead to a series of direct integral 
schemes, each possessing different accuracy and stability characteristics. 
The above concept results in the set of second order differential equations change into a set of 
simultaneous equations at each time interval At. 
In this context a few popular numerical methods of direct integration are introduced in brief, 
namely: 
e The central difference method 
The Houbolt method 
The Wilson-O method 
The Newmark-P method 
The Hilber-a method 
2.4.1 The Central Difference Method 
Eq 2.17 as a system of ordinary differential equations with constant coefficients allows the 
use of any convenient finite difference expression to approximate the accelerations and 
velocities in terms of displacements. This normally involves a large number of finite 
difference expressions. There are, in fact, only a few schemes that could deal efficiently with 
these expressions. One procedure that can be very effective in the solution of such problems is 
the "central difference method". 
In this method the acceleration at time t is expressed as the 'second central difference' of the 
displacement at time t, that is, 
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01= 
-L 
P, 
-, &, - +UI+At At2 2U' 2.18 
and the velocity of the system at time t is approximated in terms of the displacement as 
Ut-At+Ut+& 
2At 
2.19 
where U, U and U refer to displacement, velocity and acceleration of the system and the 
superscripts represent time as shown in Fig 2.4. 
The displacement solution for time t+ At is obtained by considering Eq 2.19 at time t, that is 
Mlj'+CO'+KU'= R' 2.20 
Substituting the relations for 0' and 0' from Eqs 2.18 and 2.19 into Eq 2.20 gives 
M+ 
1C 
U'+A=R' K- 
2mu '_( Im-Icu f-Ar 
2At 
) 
At, At2 2At 
) 
2.21 
From Eq 2.21 one can solve for U". However, it should be noted that the solution of U'+& 
is based on using the equilibrium conditions at time t, which is given by Eq 2.20. For this 
reason -the integration procedure is called an 'explicit integration' method and it is noted that 
such integration scheme do not require a factorisation of the effective stiffness matrix in the 
step-by-step solution. On the other hand, the Houbolt, Wilson, Newmark and Hilber methods 
are called "Implicit Integration Methods". 
U 
u I+At 
u t-At 
t 
Fig 2.4- Schematic explanation of central finite difference in displacement-time graph 
Arjang Sadeghi 54 
CHAPTER TWO Fundamentals of Dynamic Analysis PhD Thesis 
Furthermore, using the central difference method causes the calculation of U""' to depend on 
U' and U'-"', so that, to find the solution at time At, a special starting procedure must be 
used. 
Knowing U, 0* and 00 (with UO and 00 known, 00 can be calculated using Eq 2.21 at 
time 0), Eq 2.20 and 2.21 can be used to calculate U-"' , that is, 
Ui Uio - AtOjo + 
At' 0,0 2.22 2 
where the subscript i indicates the ith element of the displacement vector. 
Eq 2.22 substitutes U'-' in Eq 2.21 at time 0 and makes the calculation of U"' possible. If 
the mass matrix is diagonal and the damping of the system is ignored, the system of equation 
in Eq 2.17 can be disintegrated into a system of independent equations so that the assemblage 
of stiffness matrix and mass matrix is not necessary. 
The main advantage of using the central difference method in the form given here is that the 
solution can essentially be achieved at the element level and hence the cost of calculation 
decreases considerably. The main shortcoming of this method is that it is restricted to the 
problems where the mass matrix is diagonal. The second disadvantage of the central 
difference method is that the time step At should be smaller than a critical value At, which 
can be calculated from the mass and stiffness properties of the complete element assemblage. 
The value of At, has been shown to be 
At: 5 t" < 
Tn 
2.23 
;r 
where T. is the smallest period of the structure with n degrees of freedom. 
The reason for this restriction is that if At> At,,., the solution may become numerically 
unstable. To be far enough from instability, in practice, the value of At,, is taken as T,, 110. 
Integration schemes that require the use of time step At to be smaller than a critical time step 
At,, such as the central difference method, are said to be 'conditionally stable'. 
2.4.2 The Houbolt Method 
In the Houbolt integration scheme finite difference expressions are also used to approximate 
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the acceleration and velocity in terms of the displacements. In this scheme, the acceleration 
and velocity are obtained using the relations 
lgt+At =I 
(2Ut+At-5U'+4U'-At 
_Ut-2At 2.24 At2 
and 
t+Al 
II 
IUI+At - 18U+ 9Ut-' - 2U 
r-2AI 2.25 
These finite difference expressions are not 'central' and provide a more accurate solution, as 
compared with the central difference method. 
In order to obtain the solution at time t+ At , the Eq 2.17 should be considered at time t+ At 
(and not at time t as for the central difference method). This gives 
mlit+, &t CO "A+ KU'+" = R"A' 2.26 
Substituting Eqs 2.24 and 2.25 into Eq 2.26 and placing all the known vectors on the right- 
hand side, one obtains the solution of U'At as 
2 M+ 11 C+K U t+At =R t+Af +5 M+ 
3c 
Ut-(. 4 FM+ 
3cu t-Al 
At2 
( 
TtF At 
)A 
6At zt 2At 
M+_LC UI-2AI 2.27 
ý-ZtT 
3At 
) 
s-2W According to Eq 2.27 the solution of U""' requires the knowledge of U', U, -, U, U 
Therefore, it is necessary to know UO, 0'and IjO to start the Houbolt integration scheme, 
but it is more accurate to calculate UA' and U2' by some other means. One way of achieving 
this purpose is to integrate Eq 2.17 by using a different integration scheme such as the central 
difference method scheme with a fraction of At as the time step. 
A basic difference between the Houbolt method and the central difference scheme is the 
appearance of the stiffness matrix K as a factor of the required displacement U+&, as may 
be seen in the left-hand side of Eq 2.27. The term KU"& appears because in Eq 2.26 the 
equilibrium is considered at time t+ At rather than time t, as is the central difference method. 
For this reason the Houbolt method is called an implicit integration scheme, whereas the 
central difference method is an explicit procedure. In the Houbolt method there is no critical 
time step limit, and At can, in general, be selected to be much larger than given in Eq 2.23 for 
the central difference method. 
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2.4.3 The Wilson- 0 Method 
The Wilson-O method is essentially an extension of the linear acceleration method, in which 
a linear variation of acceleration from time t to time t+ At is assumed. In the Wilson-O 
method the acceleration is assumed to be linear from time t to time t+ OAt, where 0 ý: 1.0. 
When 0=1.0, the method reduces to the linear acceleration scheme, however, Bathe [1982] 
showed that for achieving unconditional stability it is necessary to use 0 ý! 1.37. If -r denotes 
the increase in time, where 0:! ý z-: 5 OAt, then for the time interval t to t+ OW, it is assumed 
that 
I+r 
= (j, +T 
(ejt+OAt 
_&I 
oAt 
-OA, 
Fig 2.5 Linear acceleration assumption of Wilson 0 method 
Integrating Eq 2.28 once yields the velocity at time t+ -r as 
2 
I+r =0' -a' 
) 
20At 
Integrating Eq 2.28 twice gives the deflection at time t+r as_ 
2.28 
2.29 
U-r = U, + 
0'r +1 
&Y +r 
(tjt+oAt 
- Ij, 2.30 
2 60At 
Rewriting Eqs 2.29 and 2.30 at time t+ OW, that is r= OW , results in 
+ 
oAt oAt 
2 
(0'+ + 2.31 
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and 
U'+"" =UI+ oAto, +t (0 t+ow + 20') 2.32 
Using the above equation, one can solve for 01+0& and 0"" in terms of U"""' as follows: 
6 (Ul+gAr_U, )_ 6 
02At2 OA t 
0'-2(j' 
and 
2.33 
3, oAt 
( 
oAt 
(Ul+aýj 
-Ul)-20 -2j, 2.34 
Rewriting the dynamic equation of motion, Eq 2.17, at time t+ OAt and then substituting Eqs 
2.33 and 2.34 into it, an equation is obtained from which U` can be solved. Then, 
substituting U` into Eq 2.33 one obtains which is used in Eqs 2.28,2.29 and 2.30, 
all evaluated at r= At to calculate 0", 0"' and U"'. 
The Wilson-O method is also an implicit integration method, because the stiffness matrix K 
is a coefficient matrix for the unknown displacement vector. It may also be noted that no 
special starting procedures are needed for the Wilson-O method, since the displacements, 
velocities and accelerations at time t +At are expressed in terms of these quantities at time t 
only. 
2.4.4 The Newmark- fl Method 
The Newmark integration scheme can also be understood to be an extension of the linear 
acceleration method. For the Newmark-, 8 method, the following assumptions are made: 
Ot+& 
= 
0' 
+ [(I - 7) 0' yo,. At I At 2.35 
u t+At 
I 
=U, +O, At+ 
[(2 
-'6) + 
p(j +At 
I 
At2 2.36 
where 8 and y are parameters that are related to the integration accuracy and stability. If 
II 
y=- and 8=- , relations 2.35 and 2.36 correspond to the 
linear acceleration method 
26 
(which is also obtained in the Wilson-O method using 0=1). Newmark [19591 originally 
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proposed this method as an unconditionally stable scheme. This method is called the 
I 
Gconstant-average-acceleration method' in which y= and as shown in Fig 2.6. 24 
Equilibrium Eq 2.21 at time t+ At may be written as 
M&t+w + CO'+& + KU'+& = R`ý' 2.37 
Subtraction of Eq 2.21 from Eq 2.37 produces the 'incremental equation of motion' as 
MAO'+CAO'+KAU'=AR' 2.38 
To solve Eq 2.38, at each time step, one should solve a pseudostatic problem for incremental 
displacement AU' by direct linear extrapolation. For this purpose Eq 2.35 is restated in 
incremental matrix form, as follows: 
A0, =M- Y)(j, + ylj, +A' ]At 
= 
+At 
Fig 2.6 Newmark's constant-average-acceleration scheme 
Also, Eq 2.36 is restated in incremental matrix form as 
.t1.. 1 .. 1+&](At)2 AU' =U At+[(--ß)U +ßu 
.tI.., t)2 + #8A&t 
(At)2 =U At+-U (A 2 
Rearranging Eq 2.40, one obtains 
2.39 
2.40 
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, äüt =1 AU, -1 
ül -1Ü, 2.41 ß(At)2 ß (, At) 2ß 
Substitution of Eq 2.41 into Eq 2.39 yields - 
Aol =r Aut -r Of - 2.42 
'O(At) 16 
For convenience, one can define the vectors 
-Ut 
+-Ut 2.43 2,8 
Rl Y- I)Attj' 2.44 
(Tj6 
16 
y 
Rewriting Eqs 2.41 and 2.42 in the terms of vectors 6' and A' will result in 
11,. Aü =-AU -QI 2.45 ß (, ät)2 
AO'= r Au, -f?, 2.46 
j6(At) 
Then, substituting Eqs 2.45 and 2.46 into the incremental equations of motion, that is, Eq 
2.38, gives 
KAU = AR 2.47 
in which 
K=K+p(At)2 F+ 
j6(At) 
c 2.48 
and 
Ah'= AR'+ M& + Ch' 2.49 
The pseudostatic problem in Eq 2.47 is solved for the incremental displacements AU' and 
then substitution of AU' into Eq 2.45 and 2.46 allows the determination of the incremental 
accelerations and velocities, A&' and AO'. Then, the total values of displacements, 
velocities, and accelerations at time t +At are determined as 
u t+& = U'+ AU' 2.50 
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0 t+At = 0, +, &0,2.51 
ljf+At = 01 +A&, 2.52 
Solving Eq 2.36 for U""' in terms of U""' and then substituting for 6", into Eq 2.35, one 
obtains equations for 0"' and &""that are in terms of the unknown disPlacement vector 
Ut+& only. These two relations for 0` and 0` are substituted into Eq 2.37 to solve for 
U""'. Newmark's method is also known as the implicit method. 
2.4.5 The Hilber- a Method 
To improve the stability of the numerical integration, Hilber et al [1977) introduced a 
parameter a into the equation of motion at time t +At, as follows: 
Mot+At +(I+a)CO'+'-aCO'+(I+a)KUI+At -aKU'= (I+a)R'+"' -aR' 
2.53 
where the approximation used for 0""' and U"' is the same as Newmark's method, that is, 
as Eqs 2.35 and 2.36, respectively. 
The parameter a controls the amount of numerical dissipation, that is, decreasing a 
increases the amount of numerical dissipation. The smaller the value of a, the larger the 
numerical dissipation is. When a becomes zero there is no dissipation and the resulting 
method is the trapezoidal rule (that is the Newmark-, 6 method). 
Parameters 8, y, as discussed in Section--2.44, and a control the stability and numerical 
dissipation of the Hilber-ct method. One can reduce these parameters to only one parameter 
by choosing 
- a)2 and y= 
(I - 2a) 
42 
This choice of parameters and assuming -1 :5a: 5 0, results in an unconditionally stable, 3 
second order accurate algorithm that depends only on the value of a, see Hilber et al [ 1977]. 
Using Eq 2.53 and following the same procedure as explained for the Newmark-, 8 method 
(See Section 2.4.4), are obtained 
ku I+At =h 2.54 
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where 
12M+ (I + cl) C+ (I + a)K 2.55 fiAt 
'BAt 
I 
Ij, + a)R""' - aR'+ M[ý' flAt 2fl 
C[ 
(I gaý- "+ 0'+ 
(1 + a)At(2,6 +aKU' 2.56 L j6 t- 19 --,. 2fl 
Thus 
2 
(u U, - Ato t)- 2,6 
0,2.57 
t+At t t+At 
= 0' + AtR, - Y)o + 70 
1 2.58 
Most of the dynamic analyses used in this work are based on the Hilber- a method. 
2.4.6 Solution of Nonlinear Equations in Dynamic Analysis 
2.4.6.1 Explicit Integration 
As in the linear analysis, the equilibrium of the finite element system is considered at time t 
in order to calculate the displacements at time t +At. For each discrete time step solution of 
Eq 2.27, the following operation is carried out: 
MO'+ K'U = R'- P 2.59 
Where F' is the vector of 'equivalent nodal forces' evaluated from the stresses in the 
elements at time t. Eq 2.59 may also be written for time t+ At. In the Eq 2.59 it is assumed 
that the effects of damping are negligible or are incorporated in the nonlinear constitutive 
relationship (for example, by the use of a strain-rate dependent material law). In practice, the 
effects of damping are considered by constructing the damping matrix through a linear 
combination of mass and stiffness matrices (see Section 2.5). 
Using the central difference approximation for the acceleration, the solution will result in the 
nodal point displacements at time t+ At. If U' and U'-'ý' are known, the equations 2.18 and 
2.59 are employed to calculate U"'. 
The main advantage of this method is that with M being a diagonal matrix, the solution of 
U` does not involve a triangular factorisation of a coefficient matrix. The major 
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shortcoming in the use of the central difference method lies in the severe time step restriction 
(see Section 2.4.1). The critical time step, At,,, derived for a linear system (see Eq 2.23) is 
also applicable to nonlinear analysis, since for each time step the nonlinear response 
calculation may be assumed to be a linear analysis. However, in contrast with the linear 
analysis where the stiffness properties remain constant, in a nonlinear analysis these 
properties change during the response calculations. The changes in the material and/or 
geometric conditions affect the evaluation of the force vector P. As a result, the value of T. 
does not remain constant during the response calculation. Thus, the time step At needs to be 
decreased if the system stiffens and this time step adjustment must be performed in a 
conservative manner, so that the condition At: 5T/7c is satisfied at all times. Bathe [1982] 
states that if At becomes just slightly larger than the critical time step for a bilinear elasto- 
plastic single degree of freedom system, the solution is quite different from what is observe in 
linear analysis and although the response doesn't blow up, a significant error accumulation 
could take place without an obvious blow-up of the solution. 
2.4.6.2 Implicit Integration 
The process of using implicit integration in nonlinear dynamic response calculations is similar 
to its use for linear dynamic analysis. Here only two commonly used procedures will be 
discussed, namely the: 
Newmark-, 8 method and 
* Hilber-a method 
2.4.6.2.1 The Newmark-, 6 method 
One of the common techniques used in the integration of nonlinear dynamic response is the 
trapezoidal rule, which is equivalent to the Newmark-, 6 method with, 6=1/2 and y=114. This 
method has been used here to demonstrate the basic additional considerations involved 
in a 
nonlinear analysis. 
In nonlinear analysis, consideration of the equilibrium of the system at time t +At requires a 
number of iterations to be performed. Using the modified Newton-Raphson iteration will 
result in the governing equilibrium equation (Eq 2.59) to become: 
Mtjt+At + K'AU = Rt'A- Fk"A' 
2.60 
kk 
Arjang Sadeghi 63 
CHAPTER TWO Fundamentals of Dynamic Analysis PhD Thesis 
'+& - t+At 2.61 
Uk Uk-I + AUk 
where the notation is as in Section 2.4.1 and F is the vector of nodal point forces equivalent 
to the element stresses at relevant time and iteration, the subscripts k and k +I denote the 
iteration number. 
The trapezoidal rule of time integration is based on the following assumptions: 
u t+At At t ut +-(o +Ot+At) 2.62 
2 
At 
2.63 
2 
Using Eqs 2.61,2.62 and 2.63, one obtains: 
Ot+& 
- -L (Ut+At -4 t_(jt k At2 k-I U'+AUk)--O 2.64 At 
Substituting Eqs 2.62,2.63 and 2.64 into equation 2.60 results in: 
k, Au, = 
ht+At 2.65 
where 
kt= K+ 4m2.66 At2 
_F, _ME 
4 
(U, _Ut)__Ot_fjt] 
r+Af t+Al +& At 4 hR k-I At 2 k+l At 1 
2.67 
One may notice that the iteration equation in dynamic nonlinear analysis using this method 
(that is, Eq 2.65) is of the same form as the equation in the static nonlinear analysis, except 
that both the coefficient matrix k' and the nodal point vector k+A' contain contributions 
from the inertia of the system. Therefore, it may be concluded that all the iterative solution 
strategies used for the static analysis are also directly applicable to the solution of Eq 2.65. 
However, since, in general, the inertia of the system renders its dynamic response "more 
smooth" than its static response, the convergence of the iteration can be expected to be more 
rapid than the static analysis. The other difference is that the convergence is always achieved 
in dynamic analysis provided At is small enough, whereas in the nonlinear static analysis the 
modified Newton-Raphson iteration does not converge in certain loading conditions. The 
reason for this lies in the contribution of the mass matrix to the coefficient matrix, where this 
contribution becomes dominant when the time step is small. 
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However, it is well recognised [Bathe 1982] that the length and the number of iteration steps 
can actually be of utmost importance since any error admitted in the incremental solution at a 
particular time directly affects, in a path-dependant manner, the solution at any subsequent 
time. Indeed, because any nonlinear dynamic response is highly path-dependant, the analysis 
of a nonlinear problem requires that step lengths of iterations to be determined more 
stringently at each time step than for a static analysis. 
2.4.6.2.2 The Hilber- a method 
In the implicit Hilber- a method the displacements at each time step are computed using a 
Newton-Raphson iteration scheme to obtain the equilibrium position. The nonlinearities in the 
problem enter the equilibrium equations through the equivalent nodal forces, which must 
generally be evaluated at the beginning of each time step, and the stiffness matrix, which must 
be calculated for each iteration within a time step. 
The displacement solution is written as: 
U +At - t+At 
2.68 
, t'. 1 
ý-Uk +AUk+l 
with 
t+Ar t 
0 =u 
where the subscript k indicates the iteration number and t the time step number. 
Substituting Eq 2.68 into Eq 2.53 and rearranging the result, one obtains the equations that are 
to be solved at each iteration. Within each time-step t=1, ... N- 1, for each iteration k =0,1, ... 
the following equation should be solved: 
K'AUk = Ft 2.69 k 
where 
I 
M+ C+(I+a)K 2.70 kk = 
j6At 
2 
j6At 
and 
fo'= (I + a) F'+"' - aF'+M 
1 0'+ 0, 
I 
pAt 2p 
1 
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+C + Fi, ', t 2.71 
- 16 
2,8 
1 
with 
FI=R k k-I 2.72 
Here F' denotes the internal force vector and R is the residual vector. my 
The required responses can then be found as: 
t+Ar +At 
A+, = 
UA, + Ut 2.73 
, +At_ 
I 
UA, _Ut_Atot_(1-2,6)0, TAT k+l 2,8 
2.74 
.' +& = t+At Uk+l U'+At[('-Y)O'+Ylj I 2.75 
The residual vector R and the reaction r at each time step are closely linked in nonlinear 
analysis; consequently, a dynamic force vector can be obtained as 
F t+At .. t+At . t"At - 
'+ ; 
3*. =MU,,., +(I+a)CU,,, aCO'-(I+a)Fin, (, 
At'. 
I)+aFi., +aF' 
2.76 
and an external force vector (summation of applied forces and reactions) is obtained as 
I+At t+At I+At F+r, 
+, 2.77 
Finally, the residual vector can be obtained as 
= (1 + a) F, ""' - Ft 
Rk 
dpý 2.78 
The iterations are repeated until an acceptable accuracy is reached Oudged by the smallness of 
the norm of R. is reached. 
2.5 MODAL SUPERPOSITION METHOD 
The differential equation governing the response of a MDOF system to earthquake induced 
ground motion is 
MO+CO+KU=p 2.79 
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where 
P mu eff 9 2.80 
A linear elastic solid or structure has an infinite number of degrees of freedom and an infinite 
number of natural modes of vibration. However, if a structure is discretised by the finite 
element method, the resulting analytical model will have only a finite number of nodal 
degrees of freedom and a finite number of natural modes of vibrations. Therefore, such a 
model has only a finite number of vibration modes contributing to its dynamic response. 
Systems that are subjected to arbitrary dynamic loads such as earthquakes become extremely 
difficult to analyse rigorously in their original physical coordinates. One way to avoid these 
difficulties is to use natural modes of vibration as generalized coordinates. Following this 
approach they result in the equations of undamped motion become uncoupled and each 
equation may be solved as if it pertains to a system with only one degree of freedom. 
Superposition of these SDOF results is accomplished through a transformation back to the 
original coordinates. In this way, one can evaluate time-varying nodal displacements, 
velocities, accelerations and internal stresses for the structure. 
An important advantage of the normal-mode method is that only the significant modal 
responses need be included in a dynamic analysis. The other modal responses may often be 
omitted without much loss of accuracy. Sometimes this technique known as modal truncation 
can make the normal mode method more efficient than the numerical integration methods 
described before. 
Nickel [1976] and Bathe and Gracewski [1981] have tried to apply mode superposition 
method on nonlinear dynamic analysis. However, Bathe [1982] realizes that the use of mode 
superposition in nonlinear dynamic analysis can be effective if only a relatively few mode 
shapes need be considered in the analysis and if the system is only locally nonlinear. 
2.6 DAMPING IN STRUCTURES 
Damping causes the free vibration of a system steadily diminish in amplitude. The energy of 
vibration in a structural system is dissipated by various mechanisms and often more than one 
mechanism may be involved at the same time. In a simple " clean" system such as a 
laboratory model, most of the energy dissipation is caused by the heat produced by the 
repeated straining of the material and from the internal friction due to the deformation of the 
material. In actual structures, however, many other mechanisms also contribute to energy 
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dissipation. These include friction at connections, opening and closing of micro-cracks in 
concrete, friction between the structure itself and non-structural eleinents such as partition 
walls. 
It is impractical to determine the coefficients of the damping matrix directly from the 
structural dimensions, structural member sizes, and the damping properties of the structural 
materials used. In practice, damping is normally, specified by numerical values for the modal 
damping ratios. The modal damping ratios are estimated from available data for similar 
structures shaken during past earthquakes that have not deformed beyond the elastic range. 
Laboratory built models in comparable scales to the real structures are also another source of 
establishing the modal damping ratios. 
The constitution of a damping matrix depends on the damping characteristics of the structure. 
There are two general categories of modelling for the damping matrix: 
classical damping matrix 
e non-classical damping matrix 
These are discussed below: 
2.6.1 Classical Damping Matrix 
The classical damping matrix, which is generally used in practice, is appropriate when the 
damping characteristics are uniform throughout the structure. The uniformity of damping 
characteristics is normally associated with a structure in which the structural components and 
the material are uniformly distributed. The most popular method for the construction of the 
classical damping matrix is the Rayleigh method. 
2.6.1.1 Rayleigh damping matrix 
In the Rayleigh classical model of the damping matrix, it is assumed that the damping matrix 
is linearly proportional to the mass and stiffness matrices by: 
C=aM+bK 2.81 
where a and b are constants and have units of sec-1 and sec, respectively. This formula that is 
called as "proportional damping matrix" C, is attributed to Rayleigh, since in 1945 for the 
first time he extracted it in relation with the sound. The damping matrix C produced by Eq 
2.81 is diagonal. A diagonal damping matrix is referred to as a classical damping matrix. 
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The stiffness-proportional part of the damping may be interpreted physically as the energy 
dissipation due to the structural deformations. The mass-proportional part of the damping is 
contributed from the material and its internal characteristics. 
It is well known [Clough et al 1993 and Chopra 2001] that the damping of a structure in each 
mode is related to the mass and the circular frequency of the same mode. This relationship 
may be written as: 
C. = 2cq. M., ý. 
where 
* ý, is the damping ratio of mode n, 
* M,, is the mass associated with mode n, 
9 co, is the circular frequency of mode n and 
* C,, is the damping coefficient of mode n. 
2.82 
It should be noted that C,, and M,, are both scalars. Since C in Eq 2.81 is a diagonal matrix, 
onemay write: 
aM,, + bK,, 2.83 
where K,, is the stiffness associated with mode n and is given by K. = Mw, ' , 
[Bathe 19961. 
Therefore: 
+b CO, 2 C. = aM,, M" 2.84 
From Eqs 2.82 and 2.84 one obtains: 
a+ bw,, 2.85 
2w,, 2 
For two distinct modes i andj, Eq 2.85 can be written as: 
4, i =a+ 
bwi 2.86 
2o)i 2 
a+ bcoj 2.87 
2o)j 2 
In practice, it is normally assumed that ý =, ý, =,; J. Then solving 
Eqs 2.86 and 2.87 for a and 
b will give: 
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2w. w 
2.88 
w! +wj 
and 
b= 4' 2.89 
wi + coj 
The damping matrix C can then be obtained by substituting for a and b in Eq 2.8 1. 
Modes i and j are normally chosen as the first mode and the mode up to which the modal 
mass participation is more than 75%. 
As could be seen from Eqs 2.88 and 2.89, for the construction of the damping matrix, the 
damping ratio 4' should be known in advance. Detailed information about the damping ratios 
for different structures is seldom available. However, there are recommended damping ratios 
that are based on the accumulated data of the records of earthquake-induced structural 
motions for multi-storey buildings. Recommended values of damping ratios are suggested for 
two levels of motion of structures: 
e motions that give rise to stress levels around one half of the yield point (used in 
working stress design method) and 
* motions that give rise to stress levels at or just below the yield point (used in plastic 
design method). 
A typical set of recommended damping ratios are given in Table 2.1 [Newmark and Hall 
1982]. 
Most building codes do not recognise the variation in damping with structural materials and 
typically 5% damping ratio is implicit in the code-specified earthquake forces and design 
spectrum. However, recently some of the codes of practices, for instance Eurocode 8, Part I- 
1, has introduced a damping correction factor q in the elastic response spectrum for damping 
ratios other than 5%, as: 
,7= 
ý7- /( -2+ g) 2: 0.7 2.90 
where, in the above relation for a damping ratio of p%, the value of ý is written as 
In practice, the damping ratio for steel space structures is taken equal to 2%. In this work, as 
well, the damping ratio for the barrel vaults is assumed to be 2%. 
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Table 2.1 Recommended values of damping ratios 
Stress level Type and condition of structure 
Damping ratio 
M 
Welded steel, pre-stressed concrete, 
2-3 
Working stress well-reinforced concrete (only slight cracking) 
no more than about Reinforced conciete with considerable cracking 3-5 
1/2 yield point Bolted and/or riveted steel, timber structures with 
5-7 
nailed or bolted joints 
Welded steel, prestressed concrete (without 
5-7 
complete loss in prestress) 
Prestressed concrete with no prestress left 7-10 Working stress at 
orjust below Reinforced concrete 7-10 
yield point Bolted and/or riveted steel, timber structures with 
10-15 
bolted joints 
Timber structures with nailed joints 15-20 
2.6.2 Non-classical Damping Matrix 
The proportional or classical damping matrix, namely, Eq 2.81, is suitable for modelling the 
behaviour of most structures in which the damping mechanism is distributed uniformly 
throughout the structure. This assumption is not appropriate if the system to be analysed 
consists of two or more parts with significantly different levels of damping. For systems made 
of more than a single type of material, where the different materials provide differing energy- 
loss mechanisms, the resulting damping will be nonproportional. This type of damping is 
referred to as non-classical damping. One example of the presence of non-classical damping 
is when the soil-structure interaction system is to be considered. Another example of non- 
classical damping is in a structure made up of concrete and steel in different parts or levels. 
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Also, damping in a structure with special energy dissipating devices, such as visco-elastic 
dampers or tuned mass dampers will be another examples of non-classical damping. 
The non-classical damping matrix may be constructed by a procedure similar to the one 
carried out in Section 2.6.1.1. In this case, the damping matrix is no longer diagonal and 
therefore the dynamic equation of motion is coupled. This implies that the structural motion 
cannot be expressed in a modal form. 
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3.1 INTRODUCTION 
Double layer barrel vaults are popular in practice and are constructed in a variety of forms. In 
spite of this popularity, there is not specific code of practice for loading and design of these 
structures. Specifying the environmental loadings especially earthquake loading for barrel 
vaults is elaborate and case dependent. 
The aim of this research is to study the behaviour of the double layer barrel vaults during an 
earthquake. Some guidelines are introduced for simplifying the earthquake loading for these 
structures. 
Also, the behaviour of these structures is studied under the combination of snow loads and 
earthquake loading. This is significant because the snow load makes the structure heavier and 
more prone to earthquake. To carry out the required analyses a multi-purpose finite element 
package named LUSAS has been utilised. The latest version of this package, namely LUSAS 
13.4, is able to analyse statically and dynamically, linear and nonlinear problems. 
To study the above-mentioned subjects, a popular family of the double layer barrel vaults is 
chosen. Different rise to span ratios, support conditions for these structures are considered. 
The chosen barrel vaults are statically analysed and designed to withstand the combination of 
the dead load and a relatively heavy snow loading. The main features of these double layer 
barrel vaults are presented in following sections and the process of analysis and design of a 
sample barrel vault is also given. 
3.2 CONFIGURATION OF THE BARREL VAULTS 
For the study of the behaviour of the double layer barrel vaults in the present work the square- 
on-square offset pattern is selected. 
The square-on-square offset double layer barrel vaults are frequently used in practice. They 
are aesthetically pleasant and the number of their elements for covering a specified area is less 
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in comparison with the other double layer barrel vault configurations (Fig 3.1). This type of 
configuration of double layer barrel vaults is chosen because they are used frequently in 
practice. 
Fig 3.1 Configuration of the square-on-square offset double layer barrel vaults 
3.3 GEOMETRIC PROPERTIES OF THE DOUBLE LAYER BARREL VAULTS 
The divisions of the layers of the barrel vaults are so that the lengths of the elements are in 
practical range. The top layer in the barrel vaults of Fig 3.1 has 10 divisions in the 
circumferential direction and 12 divisions in the longitudinal direction. The bottom layers in 
these barrel vaults have 9 divisions in circumferential direction and II divisions in the 
longitudinal direction. Lengths of the elements in these barrel vaults are in the range of 3 to 5 
meters. The plan views and the elevations of the double layer barrel vaults are shown in Fig 
3.2. 
The span of a double layer barrel vault (represented as S) is the distance between its 
longitudinal supports. The span of the chosen double layer barrel vaults is constant and taken 
as 30 m. This span is typical for sports buildings and gymnasiums. The length of the double 
layer barrel vaults (represented by L) is also constant and taken to be 42 m. This length, too, is 
within the normal practical range for gymnasiums and similar buildings. The depth of a 
double layer barrel vaults (represented by D) is the difference between the radius of the 
cylindrical surface that contains all the top layer nodes and the radius of the cylindrical 
surface that contains the bottom layer nodes. In the present work the depth of the double layer 
barrel vaults is taken to be 1.5 m. This will result in a depth to span ratio of 1/20 that is a 
practical ratio for medium range of spans for double layer barrel vaults. 
The rise of a double layer barrel vault (represented by H) is the distance between the level of 
the supports and the centreline of the bottom layer at the middle of the span (Fig 3.2). The 
Arjang Sadeghi 75 
CHAPTER THREE Configuration and Design of the Barrel Vaults PhD Thesis 
chosen double layer barrel vaults have the rise to span ratios of 0.00,0.15,0.30 and 0.45. This 
range has been selected so that it covers the normal rise to span ratios in practical barrel 
vaults. 
SG 
Fig 3.2- General geometric properties of the double layer barrel vaults 
3.4 JOINT AND SUPPORT CONDITIONS 
The connections of a single layer barrel vault should be designed as rigid and moment- 
resisting joints. In contrast, the connections in a double layer barrel vault are normally 
assumed to be pin-jointed. For the chosen double layer barrel vaults, in the present work, the 
connections are taken as pin-jointed. 
In the present research, two types of supports are employed for the barrel vaults, namely, 
hinge support and roller support. A hinge support restrains all of the three degrees of freedom 
of the support joint. A support of this type is symbolically represented in the manner shown in 
Fig 3.3a. A roller support restrains one degree of freedom of the support joint. Fig 3.3b shows 
a symbolic representation of a roller support. Fig 3.3c shows the side view of the hinge 
support. Fig 3.3d illustrates the two side views of the roller support. 
In this research the hinge supports are used for the joints along the longitudinal edges of all 
the barrel vaults and the roller supports are employed for the joints along the gable ends of 
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some of the barrel vaults. In the present work, a roller is always placed in such a way that the 
support joint can move freely in the longitudinal direction of the barrel vaults. 
A\-. 
g 
10 
a) I-Enge support b) Roller support 
7 
14 J=ý c) Side view of a d) Side views of a 
hinge support roller support 
Fig 3.3 Types and illustrations of the supports used 
Consequently, to represent two frequently used double layer barrel vaults explained above, 
two different conditions for the supports are considered, as follows: 
* Support conditions A, Fig 3.4a, where the joints along the longitudinal edges of the 
lower layer have hinge supports and the joints along the gable ends of the lower layer 
have roller supports, and 
* Support conditions B, where only the joints along the longitudinal edges of the lower 
layer have hinge supports as shown in Fig 3.4b. 
The reason for using roller supports for the joints at the gable ends of some of the barrel 
vaults may be explained as follows: 
The gable joint supports increase the overall stiffness of the barrel vault and help a 
barrel vault become lighter. Table 3.1 compares the weights of the barrel vaults with 
support conditions and B for the square-on-square double layer barrel vaults. From 
Table 3.1, it is seen that using gable joint supports has the advantage of reducing the 
weight of the elements of the barrel vaults up to 7 percent. It should be noted that the 
weights conclude the elements weights only and the cladding and other facilities are 
not included. 
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* The supporting of the gable end joints is usually achieved through the use of vertical 
or inclined columns. These columns are designed to have sufficient vertical strength to 
support the structure. However, their lateral stiffness is not sufficient to constrain any 
movement in the longitudinal direction of the barrel vault. So, the effect of these gable 
columns may be represented by roller supports with their degree of freedom being in 
the longitudinal direction of the barrel vault. 
Fig 3.4 two types of support conditions 
Table 3.1 weights (in kN) of the barrel vaults with different support conditions 
IVS 0.00 0.15 0.30 0.45 
Barrel vaults with 2710 1615 1621 1836 
support conditions A 
Barrel vaults with 3040 1710 1707 1983 
support conditions B 
Reduction in weight 11% 6% 5% 7% 
of elements 
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However, it is not always possible to use columns at the gable joints. The function of the 
barrel vault or architectural considerations may disallow the presence of columns at the gable 
ends. As an example of a situation where the presence of gable columns is not accepted, one 
can think of a barrel vault which is to be used as an aircraft hangar. 
3.5 LOADING OF THE BARREL VAULTS 
The barrel vaults are analysed statically and designed to withstand the combination of dead 
load and snow loading. Dead load is chosen in accordance with the values used in practice. 
The specified dead load is meant to include the weight of the elements, connections, cladding 
and all the other fixed facilities. 
3.5.1 Snow Loading 
Snow loading is determined according to the specifications of the 'Eurocode 1: part 2.3, 
Action on Structures- Snow loads'. Actually, the section in part 2.3 of Eurocode I that deals 
with the snow loading is Section 5.1. In this section, the snow load is determined using the 
fonnula: 
--: Ili 
Ce Ct 
where 
"s is the snow load in kN/M 2, 
" pi is the snow load 'shape coefficient'. 
" C, is the 'exposure coefficient', 
" Ct is the 'thermal coefficient' and 
4, sk is the characteristic value of the snow load on the ground in kN/M2. 
3.1 
The coefficients C, and C, are usually taken as 1. The characteristic value of the snow load 
on the ground, s,, depends on the climate at the site of the structure. In the present work, the 
value of s, is chosen to represent a moderately cold and snowy region. 
The snow load shape coefficient A for cylindrical roofs is determined according to Section 
7.3 of part 2.3 of Eurocode 1. According to this section of Eurocode 1, snow loading should 
be considered in two symmetric and asymmetric patterns. The details regarding these two 
snow loading patterns for cylindrical roofs are shown in Fig 3.5. 
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The snow load shape coefficients, pl,, U2 and /13 are determined as follows: 
9 For fl: 5 60' Pi= 0.8 3.2a 
P2: -- 0.2+10 (HIS) :52.0 3.2b 
P3--: 0.5 P2 3.2c 
(where if the value Of /12 is greater than 2 then its value is taken as 2) 
* For fi > 60' P 1' /12-"-: /13-` 0-0 3.3 
Eurocode I specifies that the snow load should be applied vertically to the horizontal 
projection of the area of the roof. 
Pi 
Symmetric snow loading 
9 
Asymmetric snow loading 
1/4 
+ 
1/4 
+ 
1/4 + 1/4 
p= Cylindrical 
Angle 
of eave 0 
I- S/2 -I- S/2 -1 
Fig 3.5 Snow loading for cylindrical roofs according to Eurocode I 
According to Eurocode 1, as well as most of the other codes of practice for snow loading of 
structures, for instance BS6399, with the increase in the slope of the eave of the roof beyond 
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60', the area considered under snow loading on the roofs decreases. In the following, a brief 
discussion is presented to clarify the relation between the eave angle and the rise to span ratio 
of a barrel vault. The amount of snow received by each barrel vault is shown, too. 
The geometric particulars of a cylindrical roof with an eave angle of 60* are shown in Fig 3.6. 
From Fig 3.6 it follows that when the angle of the eave is 60', then 
d= R-H 
=I- 
H 
=sin30'=1/2 3.4 RRR 
This implies that 
H=d=M 3.5 
C 
A 
0 
Fig 3.6 Geometric details of an arc with an eave angle of 60" 
Also, one can write 
B 
S 
=cos30'= -N[3- 3.6 2R 2 
or 
R=s3.7 
-13- 
From Eqs 3.5 and 3.7 it follows that 
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H= -vF3 = 0.29; z 0.30 S6 
3.8 
So, as long as the rise to span ratio of a barrel vault is less than or equal to 0.30, the whole of 
its roof area is considered to be loaded by snow. While for the same span S and for ratios of 
H/S greater than 0.30, the codes specify that the area of the surface of a barrel vault under the 
snow loading becomes smaller. For instance consider the barrel vault with rise to span ratio of 
0.45 having the span length of S. From Fig 3.7 one can write 
I= 
cos 30* -13- 3.9 2R 2 
One can also write 
s= 
Cos( 
;r- 
2R 2 
or 
3.10 
2 cos(-7c - 0) 
Substituting R from Eq 3.10 into Eq 3.9 gives 
I= cos 30* 3.11 
s 
Cos( ;r- 0) 2 
For a barrel vault with the rise to span ratio of 0.45, the angle of the eave, 0 =83.97* and this 
implies that 
1=0.87 
s 
3.12 
Eq 3.12 shows that a barrel vault with a rise to span ratio of 0.45 receives 13% less snow load 
than what it would have received if the snow load was considered to be applied to all of the 
area of the barrel vault. 
3.5.2 Equivalent Static Loading For Earthquake 
3.5.2.1 Horizontal Action 
As mentioned earlier, practical design of a barrel vault for the earthquake actions is case 
dependent and somehow complex. Normally, a number of accelerograms of strong ground 
motion earthquakes are selected and then applied to the barrel vaults. The linear and nonlinear 
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behaviour of the barrel vaults are considered and the internal forces and the critical 
deflections of the structure are controlled. However, this procedure is not suitable for the 
preliminary design of a barrel vault. In the present work, a standard equivalent static loading 
of earthquake is used for the preliminary design of the barrel vaults and further investigation 
of the effects of the actual accelerograms will be discussed in detail in the following chapters. 
Ansile 
eave 
0 
Fig 3.7 Symmetric snow loading for a barrel vault with rise to span ratio of 0.45 
Equivalent static loading for earthquake is determined according to specifications of 
'Eurocode 8: Design Provisions for Earthquake resistance of Structures'. As mentioned in 
Section 1.6 the Eurocode 8 has confirmed four methods of determination of the earthquake 
loading. The equivalent static method, which is referred by Eurocode 8 to as 'simplified 
modal response spectrum analysis', is used for the control of the barrel vaults in the 
preliminary design stage. In fact, as the other existing codes of practice, the method of the 
equivalent static loading in Eurocode 8 is restricted to the structures that are significantly 
affected by higher modes and or stiffness irregularities. However, in the absence of an 
appropriate code, the guidelines of Eurocode 8 are used only as a rough initial controller of 
the barrel vaults against the earthquake action. The main aspects of this method are explained 
as follows. 
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Eurocode 8: part 1.1 requires that the base shear, that is the sum of the horizontal equivalent 
static loading of the earthquake is calculated as follows: 
Vb 
": 
Sd (T] )x W 3.13 
where Vb is the base shear, Sd(TI) is the ordinate of the design spectrum corresponding to the 
fundamental period T, of the structure, and W is the gravity load contributing to inertial 
forces. The value of the Sd(TI) is calculated according to Section 4.2.4 of Eurocode 8, see Eqs 
3.15 to 3.18. The fundamental period T, can be estimated either from eigenvalue analysis, 
Rayleigh's method or empirical formulae included in the Code. In the present work, the 
values of T, for the barrel vaults are extracted from eigenvalue analysis. The gravity load W is 
taken as the permanent loading G that is the dead load. According to Section 3.3.2.3 of 
I turocode 8: Part 1.2, the lateral forces corresponding to the base shear of Eq 3.13 are 
calculated assuming (conservatively) that effective mass of the fundamental mode is 
Fi=Vbx 
s, -W! 
zsjwj 
3.14 
where Fj is the horizontal force acting on the mass i, si and sj are displacements of the masses 
mi and mj in the fundamental mode shape and Wi and Wj are the weights corresponding to the 
masses i and j, respectively. The displacements of the nodes for the first mode are calculated 
by eigenvalue analysis. It is permitted by the Eurocode 8 to avoid the calculation of the 
fundamental mode shape and assume instead that the displacements of the nodes are 
increasing linearly with the height of the building, hence si and sj in Eq 3.14 are substituted by 
zi and zj, the heights of the masses mi and mj, respectively. However, in the present work, the 
displacements of the nodes for the first mode and the corresponding weights are calculated by 
eigenvalue analysis. The forces Fj are then used for a static analysis of the buildings. 
The horizontal forces Fj and base shear Vb are both dependent on the response acceleration 
Sd(TI) for the first mode of a structure. The response acceleration Sd(Tj) is calculated from the 
design spectrum that Eurocode 8: Part 1.1 defines in Section 4.2.4. The design spectrum, 
according to Eurocode 8: Part 1-1 is comprised from four branches as shown in Fig 3.8. The 
Sd(T) is normalised by the acceleration of gravity g. the relations for each branch of the design 
spectrum are as follows: 
a) The ascending linear branch (AB in Fig 3.8) described by 
Sd(T, )=axSx 1+ 
T (Lo for 0: 5 T: 5 Tq 3.15 
[ 
TB q 
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Sd(Tj 
aS 
Pý Iq 
as 
Fig 3.8 Design spectrum as is defined in Eurocode 8 
b) The flat branch (BC in Fig 3.8) defined by 
Sd(TI )=axSx'8' for T 
,g :5T: 
9 Tc 3.16 
q 
c) The exponentially descending branch (CD in Fig 3.8) defined by 
Sd(T])-axSxflo 
T' 213 
> 0.20a for Tc :5T:! ý TD 3.17 
[T_ 
- 
d) The second exponentially descending branch (beyond point D in Fig 3.8) given by 
213 
;1 
513 
Sd(T])=axSx 0 
[-L 
- ; -> 0.20a 
for TD: 5T 3.18 0D cT 
q 
7D c 
Where a is the ratio of the design spectrum which is normalised to the acceleration of gravity 
g (ct= ag1g), S is the soil parameter, 80 is the spectral acceleration amplification factor for 5% 
viscous damping, q is the behaviour factor of the structure, T is the period of the first mode of 
the structure and TB, TC and TD are limit points of the different branches of the design 
spectrum. 
Most of the parameters defines above are dependent on the site soil conditions the structure is 
built on it. Section 3.2 of Eurocode 8: Part 1.1 defines three soil classes. According to this 
Code, the influence of local ground conditions on the seismic action shall generally be 
accounted for by considering the three subsoil classes A, B and C. These classes are defined 
as follows: 
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1. Subsoil A 
-Rock or other geological fonnations by a shear wave velocity of at least 800 nVs 
-Stiff deposits of sand, gravel or overconsolidated clay characterised by a gradual 
increase of the mechanical properties with depth and by values of at least 400 m/s at a 
depth of I Orn. 
2. Subsoil B 
-Deep deposits of medium dense sand, gravel or medium stiff clay by a shear wave 
velocity of at least 200 nVs at a depth of 10 m, increasing to at least 350 m/s at a depth 
of 50 M. 
3. Subsoil C 
-Loose cohesionless soil deposits with or without some soft cohesive layers, 
characterised by a shear wave velocity below 200 m/s in the uppermost 20 m 
-Deposits with predominantly soft-to-medium stiff cohesive soils, characterised by the 
shear wave velocity below 200 m/s in the uppermost 20 m. 
The ground conditions known, then the related parameters are as in Table 3.2 
Table 3.2 Values of the parameters describing the design spectrum 
Subsoil S A TB TC TD 
A 1.0 2.5 0.10 0.40 3.0 
B 1.0 2.5 0.15 0.60 3.0 
c 0.9 2.5 0.20 0.80 3.0 
In the present work, to determine the earthquake loading for the barrel vaults, it is assumed 
that the barrel vaults will be constructed on a site with rock or stiff soil corresponding to 
subsoil class A of Eurocode 8. 
The a parameter is not defined for simplified modal response spectrum analysis in Eurocode 
8 and is left for determination by the National Authorities. However, from the requirements of 
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Section 4.3.2.2 of the part 1.1 of the Code for the time-history analysis, it could be concluded 
that the Eurocode 8 accepts four levels of seismic risk. These levels of risk, demonstrated a 
y, a (= y, agl g) are 0.10,0.20,0.30 and 0.40, where yj is the importance factor for the 
building. The importance factors of the buildings are defined in Part 1.2 of the Eurocode 8 as 
shown in Table 3.3. 
It is apparent that the maximum a can be assumed to be as 0.40, when y, becomes 1.0. In the 
present work, for the preliminary design control of the barrel vaults, the value of a is assumed 
as to be 0.40. 
Table 3.3 Importance categories and importance factor for buildings 
Importance Buildings Importance factor 
category Y1 
Buildings whose integrity during earthquakes is of vital 1.4 
importance for civil protection, namely for hospitals, fire 
stations, power plants and so on 
H Buildings whose seismic resistance are of importance in 1.2 
view of the consequences associated with a collapse, 
namely schools, assembly halls, cultural institutions etc. 
III Ordinary buildings, not belonging to the other categories 1.0 
IV Buildings of minor importance for public safety, namely 0.8 
agricultural buildings, etc. 
The behaviour factor q is determined in the related parts of the Code depending on the 
structural material and lateral resisting system of the structure. For the case of the present 
work, the behaviour factor is determined from 'Eurocode 3: Part 1.1, Design of Steel 
Structures- General Rules'. It should be reminded again that the general requirements of 
Eurocode are mostly prepared for ordinary vertical buildings and therefore, none of the 
behaviour factors introduced in the Section 3.3.2 of the Code does exactly comply with the 
case of a barrel vault. However, the nearest behaviour factor that belongs to concentric 
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diagonal braced frames is employed for the barrel vaults. The behaviour factor of a diagonal 
bracing, according to Section 3.3.2 of Eurocode 3 is 4. 
Considering the above-mentioned assumption, the design spectrum will be as shown in Fig 
3.9. 
SdrJ 
0.2 
0.01 
Fig 3.9 Design spectrum for the barrel vaults according to Eurocode 8 
3.5.2.2 Vertical Action of the Earthquake 
The vertical seismic action Sv(T) is determined according to the Section 4.2 of Part 1.1 of 
Eurocode 8. The Code requires that in the absence of specific studies, the vertical component 
of the earthquake action should be represented by the design spectrum as defined for the 
horizontal seismic action, but with the ordinates reduced as follows: 
* For a fundamental period T smaller than 0.15 s, the horizontal Sd(T) is multiplied by a 
factor of 0.7. 
e For a fundamental period T greater than 0.5 s, the horizontal Sd(T) is multiplied by a 
factor of 0.5. 
For a fundamental period T between 0.15 and 0.5 s, a linear interpolation should be 
used. 
The ratio of vertical to horizontal action of earthquake from Eurocode 8 can be illustrated as 
shown in Fig 3.10. 
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svm 
Fig 3.10 Eurocode 8 requirement for the ratio of the vertical to horizontal components of the 
seismic action 
3.6 MATERIAL PROPERTIES 
The material used for the double layer barrel vaults is steel S275JOH according to European 
Standard EN 1021-1 [1994] which is equivalent to British Grade 43C steel. The mechanical 
properties of this steel as extracted from the EN 1021-1 [1994] are as below: 
41 Modulus of elasticity 
* Poisson ratio 
o Yield strength 
o Ultimate strength 
E=2.05 * 105 N/MM2 
v=0.3 
Y. = 275 N/MM2 
U, = 430 N/mm 2 
3.7 DESIGN OF DOUBLE LAYER BARREL VAULTS 
Knowing the configuration and geometrical peculiarities of a lattice space structure, one 
should pay careful attention in determination and dealing with: 
the loads acting on the structure and 
e the types of instabilities that could occur. 
The loading conditions vary in compliance with the climate and geotechnical conditions of the 
site of the structure. In countries with a severely cold climate and for lightweight roofs such as 
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the barrel vaults, the main loadings are dead and snow loadings. The wind, too, according the 
climate of the site, may induce considerable forces on a structure. In some parts of the Earth, 
for instance, in southeastern coastal parts of the USA, the wind loading composes the most 
critical part of the loadings na structure. In contrary, in internal parts of the Continents, wind 
loading is less critical. In the present work, the wind loading is not considered. It is assumed 
that the barrel vaults are to be constructed in a place that the wind effects are negligible. 
There are other types of loads that arise from the geotechnical peculiarities of the site of a 
structure. Two important geotechnical events that impose considerable loads on a structure are 
as follows: 
* earthquake and 
o landslide. 
Earthquake is the source of the most destruction of the structures and human life tolls in sites 
near the active faults, where sudden release of energy of the rupture of the restrained tectonic 
plates sometimes imposes large forces on structures. Nevertheless, in large parts of the Earth, 
such as Siberia, central and South Africa, there is not any evidence for occurrence of strong 
ground motions. However, in the present work, it is assumed that the barrel vaults are to be 
constructed in high seismic risk site and strong ground motions would occur. For completion 
of the preliminary design, the requirements of the 'Eurocode 8: Design provisions for 
earthquake resistance of structures' are used to specify the earthquake loading on the barrel 
vaults. 
The landslide is another geotechnical event that may destroy or impose destructive forces on a 
structure located on the affected area. However, in the present work, it is assumed that the site 
of the barrel vaults is not prone to the landslide. 
Instability is another consideration that the designer of a lattice space structure should pay 
enough attention to it. According to Schmidt (2000), the main instability occurring in a double 
layer space structure is the member instability, which even may cause general instability. He 
states that the overall structural response of a double layer space structure will generally be 
heavily depending on the axial load buckling characteristics of the compression members in 
the structure, as any lateral loading that could cause flexure on each member is usually 
avoided. Even if tensile chord members were designed to yield initially, there can be a 
significant redistribution of forces to cause the compression members to reach their ultimate 
load capacity and buckle. Member instability could be occurred as a result of: 
Arjang Sadeghi 90 
CHAPTER THREE Configuration and Design of the Barrel Vaults PhD Thesis 
9 overstressing the element, where the actual internal forces of the elements become 
larger than their capacity, or 
* premature buckling of the element, which in this case, the element buckles under 
forces less than its critical strength. 
Overstressing an element can be resulted from underestimating or ignoring some loadings, 
poor analysis and design and improper detailing of the connections. Premature buckling, on 
the other hand, may arise from unusual residual stresses and initial bow or unfitness of the 
elements. The former instability is overcome by determining and defining the loadings 
carefully, as well as, choosing suitable analytical model of the structure and connections. 
Using codes of practice of loadings on structures and design regulations, practical and field 
research results and experience engineers would minimise the risk of overstressing the 
elements. The remaining sections of this chapter are attributed to the specification of the 
loadings, explanation of the assumptions taken about the connections, analysis and design 
procedure of the barrel vaults. The premature buckling results generally from practical 
shortcomings, such as poor control of the quality of the used material. For the barrel vaults of 
the present work, it is assumed that the imperfections are limited to the assumptions of the 
design code of practice; For instance, the initial deviation from straightness is limited to 
1/1000. The out-comings of this assumption are explained in 'Chapter 7- Nonlinear 
Behaviour of the Barrel Vaults'. As a result, the member instability is controlled through 
using one of the standard existing codes of practice for the design of steel structures, namely 
'BS 449- 2: 1969- Specifications for the use of Steel in Buildings'. This code specifies the 
compression strength for a structural element considering the known causes of member 
instabilities, such as residual stresses and geometric imperfections of the members. 
The double layer barrel vaults are analysed statically for the combination of dead and snow 
loading. The analysis of the barrel vaults are carried out by using a finite element analytical 
package named LUSAS 13.4. This package is multipurpose software and is able to carry out 
linear, nonlinear static and dynamic analyses for structures with linear of continuous 
elements. As is the nature of the indeterminate structures, the procedure of sizing the cross- 
sections of the elements of a barrel vault involves a number of try and error analyses and 
cross-section sizing. Hereafter, the analysis and design of the double layer barrel vault with 
rise to span ratio of 0.30 and support type A, Fig 3.11, is described. Similar procedure is 
carried out for the rest of the barrel vaults, however to avoid repetitions they are not 
included. 
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3.7.1 Specification Of The ProbIern 
The dimensions of the double layer barrel vault with rise to span ratio of 0.30 are as follows: 
Span= 30 m 
Length= 42 m 
Rise= 9m 
Rise to span ratio= 0.3 
Depth of the barrel vault= 1.5 rn 
The barrel vault is designed to withstand the combination of dead and snow loading. The dead 
load consists of the weights of the elements, nodes, cladding system and services. The total 
dead load of the structure is distributed equally to the joints of the top layer. The dead load of 
the barrel vault is assumed to be 0.5 kN/M2 . This figure represents a typical value that is used 
in analysis and design of steel medium sized double layer barrel vaults. 
The snow loading, as described in Section 3.5, is considered in two symmetric and 
asymmetric patterns. For each snow loading case, the loads are applied to the joints of the top 
layer in the region of the surface of the barrel vault covered by the snow. The value of the 
snow load on the ground s., which is necessary to calculate the actual snow loading on the 
barrel vault, see Section 3.5, is determined for a moderately cold climate as 1.5 kN/M2 . The 
barrel vault is analysed considering both of the combination of dead and snow loads. The 
most critical axial force for each element from the two analyses is selected for sizing the 
cross-sections of the elements. The elements are assumed to be tubular hollow sections. The 
cross-sectional areas of the elements are chosen from the Table 3.4. 
The barrel vault is symmetrical with respect to the plane of symmetry of the barrel vault, as 
shown in Fig 3.1 Ia. The loads are uniform in the longitudinal direction of the barrel vault, 
that is, in the y direction. Each load case can be assumed to be symmetrical about the same 
plane. Therefore, since the structure and the loadings are symmetrical in the longitudinal 
direction about the same plane, only half of the structure is considered in the analysis. To 
account for the effects of the ignored half of the structure, the chord elements that are cut by 
the plane of symmetry along y-axis are substituted by equivalent linear springs at the 
corresponding joints. The circumferential chord elements in the top layer that lie in the plane 
of symmetry are considered with half of their actual cross-sectional areas. Also, the 
movements of the joints occurring in the symmetry plane are constrained in y-direction. The 
connections are considered as pin-jointed and the supports are in accordance with support 
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Plan 
sym 
para 
the ) 
a) Plan of the double layer barrel vault 
1mA 
W\Y 
1.5 m 
y (into paper) x 
30m 
34.54 m 
c) Side view of the double layer barrel vault 
Fig 3.11 Double layer barrel vault with rise to span ratio of 0.30 
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conditions A, see Section 3.4. 
3.7.2 Calculation Of Dead Loads 
The total dead load of the barrel vault with the intensity of 500 N/m2 on the half of the plan of 
the structure will amount to: 
50OX2 I X34.54=362 670 N 
The top layer of the half of the barrel vault has 45 internal joints and 32 edge joints. The edge 
joints are considered to bear one half of the dead load of the internal joints. So, the dead load 
for internal joints amounts to: 
362 670/(45+32XO. 5)=5945 N 
Also, the dead load for the edge joints amounts to: 
5945/2=2973 N 
3.7.3 Calculation of Snow Loading 
Two types of snow loadings are considered. These are symmetric and asymmetric loadings in 
compliance with Eurocode I as follows. The loads are applied on top ribs of a barrel vault, 
Fig 3.12. 
Ribs are show: 
in thick lines 
Gable end 
Fig 3.12 Ribs of a barrel vault shown in thick 
3.7.3.1 Symmetric Snow Loading 
Rib 
The symmetric snow loading for the barrel vault is calculated considering the details 
discussed in Section 3.5. The particulars of the loading for the present case are found to be: 
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p, = 0.8 
1.5 kN/m2 
S -= PIX Sk-*= 0.8X1.5= 1.2 kN/M2 
The values of symmetric snow loads for the edge and internal joints of the barrel vault are 
shown in Fig 3.13. 
Combination of Dead and Symmetric Snow Loading 
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d) Dead and snow loading combination along a rib 
Fig 3.13 Dead and symmetric snow loading on the barrel vaults with rise to span ratio of 0.00 
3.7.3.2 Asynunetric Snow Loading 
The asymmetric snow loading for the barrel vault is calculated according to Section 3.5. The 
results are as follows: 
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/12=--0.2+10 (H/S)=0.2+IOXO. 3=3.2: 52.0 thus P2=2.0 
, U3 0-5 
X P2= 0.5 X 2.0= 1.0 
Sk 1.5 kN/m 2 
S2 112 X sk= 2.0 X 1.5= 3.0 kN/m7 
S3 = P3 X Sk= 1 .0X1.5= 1.5 kN/M2 
Distribution of asymmetric snow loading on the external and internal joints of the double 
layer barrel vault is illustrated in Fig 3.14. 
3.7.4 Section Properties 
The elements are assumed to be tubular hollow sections. The areas of the cross-sections of the 
element are sized using 'Elastic Design Method' of 'BS 449-2: 1969- Specification for the use 
of Structural Steel in Buildings'. The allowable strengths of the chosen cross-sections are 
close upper bounds of the critical internal forces of the elements resulting from the application 
of two types of the combination of dead and snow loading. 
The cross-sectional areas that are used for the elements of the barrel vault are shown in Table 
3.4. The basics for choosing the cross-sectional areas as appearing in Table 3.4 are 
summarised as follows: 
" The permissible compressive strength is used for determining the areas of the cross- 
sections. This is because that the critical internal forces for most of the elements of the 
barrel vault with rise to span ratio of 0.30 are rather compression than tensile ones. 
However, the internal tensile force of an element is checked by the permissible tensile 
strength of the corresponding cross-section of Table 3.4. 
" Each cross-section type is sized in accordance with a finite permissible compressive 
strength. The set of cross-sections introduced in Table 3.4, cover the strength demands 
of the elements of the entire barrel vault. For instance, for the barrel vault with the rise 
to span ratio of 0.30 and support conditions A only the cross-section types 1,2,3,5,7, 
8,15,16,17,18,27 and 28 are used. Furthermore, the sized areas in Table 3.4 are not 
necessarily found in standard or manufacturer's table of sections. 
" To choose the cross-sectional area for an element in compression, it is necessary to 
know the slenderness ratio of the element. The slenderness ratio of all the elements is 
chosen to be 100. This value for the slenderness ratio is frequently used in practice. 
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Combination of Dead and Asymmetric Snow Loading 
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Fig 3.14 Dead and asymmetric snow loading for double layer barrel vaults with rise to span 
ratio of 0.30 
With the slenderness ratio known, the permissible compressive stress, pc ., 
is obtained using 
the formula in Appendix B of BS 449-2. The formula is: 
Fe 
Ys + (q + I)C,, Ys +(, J+i)co 
2- 
YSCO 3.19 
1.7 [22 
where 
pc= the permissible average compressive stress, N/mm 2 
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Y., = minimum yield stress, N/mM2. 
7E 
2E2 
Co= Euler critical stress= ýT -rY in Nlmm. 
0.3 1/r 
2 (100) 
. 
I/r-- slendemess ratio. 
e The minimum permissible compressive strength is chosen as 50 kN for cross-section 
type I and is used for any element, which its critical internal compressive force falls 
below 50kN. This section is also used for any element that its critical tensile force is 
less than 104 kN. The second cross-section type is assigned for elements that their 
internal compressive forces fall between 5OkN and 60kN. The cross-section types 3 to 
26 has increasing steps of only 5 kN and are assigned for elements that their internal 
forces are between 65 to l80kN. To minimise the difference between the critical 
internal force of an element and its design strength, the steps of the elements' strengths 
is chosen as small as 5 kN. Although this choice is not popular, it has analytical 
benefit. To elaborate, the nonlinear behaviour threshold of an element is important in a 
nonlinear analysis. This becomes even more important when the redundancy of a 
structure is high enough to redistribute the overflow of the internal forces of the 
elements one after other. For investigation of the nonlinear behaviour of a structure, 
especially postbuckling behaviour of its elements, the elements should have tailor- 
made cross-sectional areas. This means that the elements should not be over-designed 
or underestimated. If the elements of a structure are designed conservatively, the 
margin for safety of the elements will be different. The margin of safety may become 
possibly for some of the elements considerably high. This may result in some non- 
critical elements reaching their nonlinear phase, before the critical elements. As a 
result, the overall behaviour of such a structure will be unpredictable. Of course, this 
situation is not suitable for nonlinear investigation. On the other hand, if the cross- 
sectional areas of the elements are underestimated, the structure will experience 
premature failure without showing the desired behaviour. This case, too, is not 
appropriate for investigation. Therefore, a rational number of cross-section types 
should be chosen to satisfy both the above-mentioned criteria. 
The cross-section types 27 and 28 are used for elements that are in the plane of 
symmetry of the barrel vault. The areas of cross-sections of types 27 and 28 are halves 
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of the areas of cross-section types of I and 2, respectively. 
Using the permissible compressive stress and the cross-sectional area of an element, A, the 
compressive strength, P,, of the element is: 
P,, = p,, x A 3.20 
For instance, the strength of the cross-section type 5 is calculated and compared to the 
element that their internal forces are immediately below it. 
Y. = 275 N/mm2 
lt 
2 
x2.05x10' Co = (1()0)2 = 202.33 
0.3 (1 /I 00r)2 = 0.3 
p 
275 + (0.3 + 1) x 202.33 275 + (0.3 + 1) x 202.33 
2- 
275 x 202.33 C, 1.7 221 
=82 N/mm 2 
The area of the cross-section type 5 from Table 3.4 is 915 mm 
2, therefore its strength amounts 
to: 
Pc =Ax pc = 915 x 82 = 75030 N= 75 kN 
This cross-section type is used for the elements that their critical internal forces are in the 
range of 70 kN to 75 kN. 
3.7.5 Elements Cut By The Symmetry Line 
The longitudinal elements that are cut by the plane of symmetry are omitted from the model 
and instead a linear spring in their direction is added to the corresponding joints. The stiffness 
of the substituted spring is calculated using the stiffness formula of a bar element, as 
explained below. The length of these elements is found by using Fig 3.13, which turns out: 
Overall length of the barrel vault / No. of elements in longitudinal direction = 
L/ 12=42/12=3.5m 
The type of the cross-section of these elements is Type 1. Using the area of cross-section type 
I from the Table 3.4 and the length of an element as 3.5 m, the stiffness of the equivalent 
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Table 3.4 Cross-sectional areas and strength of the element types (slenderness ratio for all 
elements are taken as 100) 
Cross-section 
Type 
Sectional area 
(MM) 
Permissible 
compressive strength 
(kN) 
Permissible 
tensile strength 
(kN) 
1 610 50 104 
2 732 60 124 
3 793 65 135 
4 854 70 145 
5 915 75 155 
6 976 80 166 
7 1037 85 176 
8 1098 90 187 
9 1159 95 197 
10 1220 100 207 
11 1280 105 218 
12 1341 110 228 
13 1402 115 238 
14 1463 120 249 
15 1524 125 259 
16 1585 130 270 
17 1646 135 280 
18 1707 140 290 
19 1768 145 300 
20 1829 150 311 
21 1890 155 321 
22 1951 160 332 
23 2012 165 342 
24 2073 170 352 
25 2134 175 363 
26 2195 180 373 
27 305 25 52 
28 366 30 62 
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spring amounts to: 
A= 610 mm 2=0.00061 m2 
L-- 3.50 
E-- 2.05 x 10" N/m2 
K 
EA 2.05 x 10 x 0.00061 
L 3.50 
= 35 728 571.4 =-ý 3.57 x 107 N/m 
3.21 
The circumferential elements of the top layer that lie in the plane of the symmetry, see Fig 
3.11, are considered with halves of their cross-sectional areas. The section type 27 and 28 in 
Table 3.4 are used for these elements. 
3.7.6 Analytical Model And Analyses Results 
The aforementioned data about geometry of the structure, the properties of the used material, 
the cross-sectional properties and the loading are prepared in a format that the analysis 
package, LUSAS, should read and execute it. The geometry of the barrel vault and the joints 
and elements are produced using specific data generation facilities of LUSAS. The joints 
identifications are shown in Fig 3.15. For clarity, the members' identifications are illustrated 
separately in Figs 3.16a, 3.16b and 3.16c for the top layer, the bottom layer and web elements, 
respectively. It is obvious that these elements are inter-related in the barrel vault as seen in Fig 
3.15. 
At first stage, the areas of the cross-sections of the elements are the resulting structure is 
analysed statically for the loads given in Sections 3.8.2 and 3.83. The cross-sections of the 
elements are modified according to the result of the analysis and then the analysis is repeated 
and this has been done to where the areas of the cross-sections of the elements do not need 
more corrections within engineering approximations. The results of the final analysis of the 
structure under the combination of dead and symmetric snow loadings for critical elements 
are given in Fig 3.17a, 3.17b and 3.17c for top layer, bottom layer and web elements, 
respectively. The results of final analysis of the structure under the combination of dead and 
asymmetric snow loading for critical elements are given in Figs 3.18a, 3.18b and 3.18c for top 
layer, bottom layer and web elements, respectively. 
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Ooints of the top layer are shown more intense 
16 1 17 1 18 1 19 1 !0 ?11 ?21 ?31 
H9 
?41 ý5 1 
166 
E 
- 
-i67 
6S 
86 
- 188 
7s 
- 
1 i69 
B 
Ho 
91 
W 
00 1 
00 
HE 
01 1 
04 
02 1 
02 
iH 
03 I 
98 
ii5 
M1 
04 
4 M M Vl 
7 
a5 
68 
- 
9f 
69 
- 
of 
7.9 
- 
1E 
. ?i 
2F 
2 
3E 
:? B 64 
3 I 
65 
4 
66 
5 
6 
M 7' a 
. - 
( 
T 
0( 1E 
- 
2E 
49 
44 - 45 
, 53 6 
7 a 4 
5+ 
04 
52 
14 
RE? P9 N 
l F. 1 5 
7 811 9 
6 
5 
Elements of the top layer 
Arjang Sadeghi 102 
CHAPTER THREE Configuration and Design of the Barrel Vaults PhD Thesis 
Fig 3.16 Elements identification of the double layer barrel vault with square-on square pattern 
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Fig 3.16 Elements identification of the double layer barrel vault with square-on square pattern 
(continued) 
Arjang Sadeghi 103 
CHAPTER THREE Configuration and Design of the Barrel Vaults PhD Thesis 
The maximum deflection of the structure is controlled in the middle joint of the bottom layer. 
The maximum deflection of the barrel vault is 
5. =0.017 
The requirement of BS449-Section 15, limits the maximum deflection to 1/360 of the span. 
So the allowable deflection amounts to: 
5wi = S/360 = 30/360 =0.083 
Comparison of the allowable deflection with maximum deflection of the barrel vault makes it 
clear that the rigidity of the structure is acceptable and deflection is in acceptable range. 
5. =O. O 17 m< Sm 0.083 
For getting an overall view of the locations of the critical elements of the structure, the 
elements are drawn with relative thickness to their cross-sectional areas in Figs 3.19a, 3.19b 
and 3.19c for top layer, bottom layer and web elements, respectively. 
7 
Axial forces in top layer elements in N 
Fig 3.17 Axial forces of the critical elements of double layer barrel vault with rise to span 
ratio of 0.30 for the combination of dead and symmetric snow loading 
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Fig 3.17 Axial forces of the critical elements of double layer barrel vault with rise to span 
ratio of 0.30 for the combination of dead and symmetric snow loading (continued) 
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Two types of earthquake loadings for the barrel vault are considered. These are horizontal and 
vertical loadings in compliance with Eurocode 8 as follows. The loads are applied on top ribs 
of the barrel vault, Fig 3.11. 
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Axial forces in bottom layer elements in N 
Fig 3.18 Axial forces of the critical elements of double layer barrel vault with rise to span 
ratio of 0.30 for the combination of dead and asymmetric snow loading 
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Fig 3.18 Axial forces of the critical elements of double layer barrel vault with rise to span 
ratio of 0.3 for the combination of dead and asymmetric snow loading (continued) 
127 
6 
106 109 110 ill 
1 
215 
5 
RS 88 89 f 90 
1 
04 1 
4 
r,! L 67 70 
f 
- - 
3 
An 47 - Is 7. 
2 
2A 
11 
J 
221 3 
31 
441 551 661 771 881 9 
9 
21 01f)ll 
1.141 IIA 
26 
Elements of top layer 
05 
Fig 3.19 Elements drawn in thickness according to their cross-sectional areas 
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13 
Elements of bottom layer 
Web elements 
Fig 3.19 Elements are drawn in different thickness according to their cross-sectional areas 
(continued) 
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3.7.7 Calculation Of Equivalent Static Loading For Earthquake 
Two types of earthquake loadings for the barrel vaults are considered. These are horizontal 
and vertical loadings in compliance with Eurocode 8 as follows. The loads are applied on top 
ribs of the barrel vaults, Fig 3.11. 
3.7.7.1 Horizontal Loading 
As mentioned in Section 3.5, in the present work, the equivalent static loading for earthquake 
is calculated using Eurocode 8 requirements. For this purpose the necessary data for 
evaluating the equivalent static loading for the earthquake for the barrel vault is as follows. It 
should be noted that, the gravity load W, for Eq 3.19 is assumed as the dead load of the barrel 
vault. The ground condition of the site of the structure is assumed to be as the Subsoil Class 
A. The a parameter is taken as 0.40. This is the highest risk level that Eurocode 8 has 
accepted implicitly in Part 1.1. The behaviour factor for a barrel vault is not defined in 
Eurocode. Therefore, the behaviour factor of the most resembling structure is taken for the 
barrel vault. The nearest type of structure defined in Section 3.3.2 of Part I of Eurocode 3 is 
the diagonal braced frame that its factor of behaviour q is 4. Above-mentioned data are 
considered in establishing the design spectrum of Fig 3.9. This spectrum will be used to 
calculate the ordinate of the design spectrum, Sd(T), corresponding to the fundamental period 
T, of the structure. The other necessary information for evaluating the Eq 3.19 and 3.20 are 
extracted from the eigenvalue analysis of the barrel vault. 
From the eigenvalue analysis of the barrel vault with rise to span ratio of 0.30 and support 
condition A, the period of the first mode turns out to be: 
TI=0.186s 
Thus from Fig 3.16 it gives 
Sd(O. 186) = 0.25 
The weight of one half of the barrel vault from Section 3.8.2 is 
W= 362670 N 
Regarding Eq 3.13, the base shear forthe structure is as follows: 
V= Sd(TI)xW =0.25 x362670 = 9066Z5N 3.22 b 
The calculated base shear should be distributed in the height and length of the barrel vault. As 
Eq 3.20 implies the distribution of the base shear on the joints is according to their modal 
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deflections. In the present work, it is assumed conservatively that the distribution of the 
earthquake loading along the length of the barrel vault is uniform. The distribution of the 
horizontal earthquake loading along the height of the barrel vault is base on the modal 
deflections of the middle rib. Although, the modal deflections of the ribs of the barrel vault 
are not the same in a unit mode, however, for the ease of calculation the deflections of the 
joints of the central rib, conservatively, is considered as a measure for use in Eq 3.21. The 
deflections of the joints are obtained from the eigenvalue analysis of the barrel vault. For all 
ribs the deflections of the joints of the top layer of the barrel vault in the middle rib for mode 
I is illustrated in Fig 3.21. It is assumed that the weight of the joints are taken to be equal, 
then the Eq 3.14 is rewritten as 
Fj si 3.23 bX Esi 
where si and sj are the modal displacements of joints i and j. From the eigenvalue analysis of 
the barrel vault with rise to span ratio of 0.30 and support conditions A, the modal deflection 
of the joints of the middle rib are as follows: 
si= 0.0013 
s2= -0.0027 
sjj= -0.0055 
S4= -0.0061 
S5= -0.0051 
S6= -0.0044 
F, sj =2x (+0.0013-0.0027-0.0055-a0061-0.0051)+0.0044= -0.0406 
Thus 
Fi = 90667.5 x Sil(-0.0406) 
Which yields 
F, = -2903 N 
F2 = +6030 N 
F3 =+ 12283 N 
F4 =+ 13622 N 
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F5 = +11389 N 
F6 = +9826 N 
The calculated forces F, to F6 are for a number of joints in the same level. For evaluating the 
forces in each joint Fij, the forces Fi are divided by the number of the joints of each level in 
each side of the barrel vault, that is 5 joints with full dead and horizontal earthquake loading 
and 2 joints with half of the dead and earthquake loading. So For the joints with full load the 
horizontal earthquake loading is as follows: 
Flj = -484 N 
F2j = +1005 N 
F3j = +2047 N 
F4j = +2270 N 
F5j = +1898 N 
F6j =+ 1638 N 
The half value of these loadings is applied to the gable end joints. The combination of dead 
and horizontal staticallY equivalent earthquake loading is applied to the structure and 
analysed. Analysis of the barrel vault with the combination of dead load and horizontal 
earthquake loading gives the most critical axial force in element 240 as -36823 N. As Table 
3.4 shows, this value is very lower than the minimum capacity of the elements. As a result the 
Code specified loading is not critical for the barrel vault. 
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Fig 3. 
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20 Horizontal displacements of the top layerjoints for the first mode in N 
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3.7.7.2 Vertical Loading 
The vertical statically equivalent loading for earthquake in compliance with the requirements 
of Eurocode 8 is defined in Section 3.5.2. Following a similar procedure for the horizontal 
earthquake loading the design spectrum of Fig 3.9 is used, unless a correction has been made 
according to Fig 3.10. Since the period of the first mode of the barrel vault is 0.186 s then the 
correction factor from Fig 3.10 is 0.68. The ordinate of design spectrum Sd (T) is multiplied by 
0.68 and eventually, the base vertical shear is as follows: 
Vv=a68 x Vb =a68 x 9066Z512 = 30827 N 
It should be noticed that because of the asymmetry of the first mode in the vertical direction, 
only half of the barrel vault is considered, therefore the weight of the barrel vault and 
consequently the base shear is halved. To evaluate the distributed vertical shear the vertical 
deflections for the first mode are employed. The vertical displacements of the first mode for 
the joints of half of the middle rib are as follows: 
s, = -0.0022 
S2ý -0-0001 
s3= +0.0030 
S4= +0.0049 
s5= +0.0037 
S6= 0-0000 
7- Sj =-0.0022-0.0001+0.0030+0.0049+0.0037= +0.0093 
Note that because of the asymmetry only half of the joints are considered. Thus using the Eq 
3.22 the vertical forces are as follows: 
Fi = 30827 xsil(+0.0093) 
Which yields 
F, = -7292 N 
F2 = -55 N 
F. 3 = +9944 N 
F4 =+ 16242 N 
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F5 = +12264 N 
F6 = 0.00 N 
The calculated forces F, to F6 are for a number of joints in the same level. For evaluating the 
forces in each joint Fij, the forces Fi are divided by the number of the joints of each level in 
each side of the barrel vault, that is 5 joints with full dead and horizontal earthquake loading 
and 2 joints with half of the dead and earthquake loading. So For the joints with full load the 
horizontal earthquake loading is as follows: 
Fjj = -1215 N 
F2j = -9 N 
F3j =+ 1657 N 
F4j = +2 707 N 
F5j = +2044 N 
F6j = +0.00 N 
These loadings are vertical and are combined with vertical dead load. It is apparent that the 
earthquake vertical loading is not comparable to the snow loading that the barrel vault is 
designed for. So this control is not necessary. As a result, the equivalent earthquake loading is 
not critical to the design of a barrel vault. 
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Fig 3.21 Vertical displacements of the top layer joints for the first mode in N 
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4.1 INTRODUCTION 
In this chapter the general dynamic characteristics of the selected barrel vaults are discussed. 
The eigenvalue analysis is carried out to calculate the periods and the shapes of different 
modes of the barrel vaults. The participation factors of the effective modes are found and 
mode shapes are illustrated. 
A detailed discussion of the particulars of the dynamic loadings follows the consideration of 
dynamic characteristics of the barrel vaults. The rest of the chapter is devoted to the 
explanation of the dynamic loading selection and the required processing. The criteria for 
selecting the earthquake records, and their basic features, are explained as well. 
4.2 DYNAMIC CHARACTERISTICS OF THE BARREL VAULTS 
The major dynamic characteristics of a structure may be classified as: 
9 the periods of the modes of the structure, 
" the mass participation factors of the modes, 
" the shapes of the modes and 
" the damping characteristics of the modes. 
Except for the damping, none of the above-mentioned particulars appeared directly in the 
step-by-step dynamic analysis, as discussed in Chapter 2. These particulars are essential for 
modal analysis, and in the course of time, they have become a clue for general engineering 
judgement. The actual dynamic response of a structure is directly inter-related with the mass 
and the stiffness of the structure. In fact, all the periods, mass participation factors and shapes 
of modes depend on the mass and the stiffness, as well as on the geometry of the structure. 
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Therefore, knowledge of these characteristics is necessary for modal analysis and for 
determining the statically equivalent earthquake loading, as discussed in Section 3.5.2. 
4.3 EIGENVALUE ANALYSIS 
There are a number of methods to calculate the modal characteristics of a structure, namely 
Rayleigh method, Stodola method [Clough 1993] and so on. However, the most popular 
method for finding the periods of the modes, shapes of the modal deflections and mass 
participation factors of the modes is the eigenvalue analysis. This method is used in the 
present work to obtain the modal characteristics of the barrel vaults. However, the modal 
damping is calculated by the Rayleigh method as discussed in Section 2.5.1.1. The eigenvalue 
analysis principles are explained in Section 4.3.1. 
In spite of the symmetry of the barrel vaults, the whole of the barrel vaults are modelled in 
using the eigenvalue analysis. This is necessary to obtain an overall view of the mode shapes 
of the barrel vaults. 
4.3.1 Theoretical background 
The equation of motion for free vibration of a linear multidegree of freedom system without 
damping is as follows: 
Mii+Ku=O 4.1 
where M and K are the mass and stiffness matrices, respectively. Also, it and ii are the 
displacement and acceleration vectors, respectively. It is assumed that in the absence of 
damping, the free vibration motion is simple harmonic, which may be expressed as: 
u(t)=(psin(o. )t+O) 4.2 
where V is a vector representing the deflected shape of the structure, (0 is the natural 
frequency of the structure that is obtained by eigenvalue analysis and 0 is a phase angle 
[Clough and Penzien 1993]. Finding the second derivative of Eq 4.2 with respect to time will 
result in the acceleration vector in free vibration as: 
ii(t) =_02 (psin(o)t+O) =_(02t, 
(t) 4.3 
Substituting Eqs 4.2 and 4.3 into Eq 4.1 gives: 
-co'MVsin(cot+0) +Kvsin (cot+ 0) =0 
4.4 
or 
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[K_Co2MjpSin( ot+O =0 4.5 
Since the sine term is arbitrary, it may be concluded that: 
[K-C02M 9=0 j 4.6 
Equation 4.6 is one way of expressing what, is called an eigenvalue problem. The quantities 
a? are the eigenvalues indicating the square of the free vibration frequencies, while the 
corresponding vectors (o represent the corresponding shapes of the vibrating system, known as 
the eigenvectors or mode shapes. Equation 4.6 can be interpreted'as a set of N homogenous 
algebraic equations for N degrees of freedom. This equation has one trivial solution 9--0, 
which corresponds to the no displaced stage of the structure. The nontrivial solutions are 
obtained from using the solution of this set of simultaneous equations in the form of 
9=I 
C02M 
xo 
det[K-c I 
4.7 
Hence, the nontrivial solution is possible only when the denominator determinant is zero. In 
other words, finite-amplitude free vibrations are possible only when 
det[K-dM]=O 4.8 
The above equation is called the characteristic equation or the frequency equation of the 
structure. Expanding the determinant will give an algebraic equation of the Nth degree in the 
frequency parameter J for a system having N degrees of freedom. For a stable system, this 
equation has N real and positive roots for C02 ( CO, 2, C02 2, ..., coN2) because M and K are 
symmetric and positive definite. The N roots of Eq 4.8 are used to determine the N natural 
frequencies co of vibration. The roots o? of the characteristic equation are also called 
eigenvalues or characteristics values. Knowing the natural frequencies CO of vibration, the 
periods of the structure Tcan be calculated as follows: 
Ti = 
2; r 
coi 
4.9 
where Tj is the period of the ith mode and opi is the natural frequency of the ith mode. The 
periods of the modes of a structure are used more often by the structural engineers than the 
natural frequencies themselves. Generally, the calculations for determining loadings of 
dynamic actions such as earthquake, wind or wave loads for the structures are preceded by an 
eigenvalue analysis for estimation of the modal particulars of the structure, specially the 
periods and the shapes of the modes. 
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When the natural frequency w is known, Eq 4.6 can be solved for the corresponding vector V 
to within a multiplicative constant. The eigenvalue problem does not fix the absolute 
amplitude of the vectors V, only the shapes of the vectors are given by the relative values of 
the N displacements V. Corresponding to the N natural vibration frequencies CO of an N degree 
of freedom system, there are N independent vectors ip, which are known as natural modes of 
vibration, or natural mode shapes of vibration. These vectors are also known as eigenvectors 
or normal modes. 
In summary, a vibrating -system with N degrees of freedom has N natural vibrationfrequencies 
coi (W to N) arranged in a sequence from smallest to largest (w, < w2 < ... <coN). Also, there 
are N corresponding natural periods Tj and N natural mode shapes Vi. The term natural implies 
that these properties depend only on the mass and the stiffness of a structure and are 
independent of the loading. The periods are in seconds, the natural frequencies are in radians 
per second and the mode shapes are dimensionless. 
4.3.2 Modal Contribution 
An external dynamic force P(t) can be considered as: 
P(t)= s xf(t) 4.10 
where P(t) is the applied force vector, s is the spatial distribution vector and f(t) is an 
amplitude function that represents the time variation for the external forces P(O. 
The spatial distribution vectors, which is independent of the time can be written in terms of 
modal distribution vectors s,, as: 
NN 
s=ys. =xF,. wn 
.. ] n-I 
where 
4.11 
0 s, is the modal contribution vector for the spatial distribution vector of the 
extemal force s, 
* I" . is the modal participation factor, 
9m is the mass matrix of the structure and 
* V,, is the shape of the mode n. 
It is shown [Chopra 2001] that, the contribution of the nth mode to a response quantity r, can 
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be expressed as: 
r,, (t) = r. "' x [co. " x D,, (t)] 
where 
4.12 
0 r,, " is the modal static response vector due to static effect of the external 
forces, which is determined by static analysis of the structure subjected to the 
contribution of mode n to the external forces s, 
0 co,, is the natural frequency and 
* D,, (t) is the modal coordinates function. This function is obtained by solution 
of the dynamic equation of motion; see Chapter 2, assuming the structure as a single 
degree of freedom system with unit mass and natural frequency co, excited by force 
P(t). 
As it is seen from Eq 4.12, the dynamic response vector for mode n is the product of the 
results from two analyses: 
a) Static analysis of the structure subjected to external forces s,,, and 
b) Dynamic analysis of the nth mode of the structure as a single degree of 
freedom system excited by the force p(t). 
The contribution of mode n to the response quantity r, can be expressed in a way that the 
modal contribution factor F. is shown explicitly. This will result in a modified version of Eq 
4.12 as follows: 
r. (t)=F,, x r'x[co,, xD,, (t)] 4.13 
Here, -" is the static response of r corresponding to the external force spatial distribution s and 
F,, is the contribution factor of the mode n, that is: 
st xr st r. F,. 4.14 
It is worth noting that the modal contribution factors F,, have three important properties: 
1. They are dimensionless. 
2. They are independent of how the modes are normalised, because r,, " is the static effect 
of s,,, which does not depend on the normalisation, and the modal properties do not 
enter into r-s'. 
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enter into r-$'. 
3. The sum of the modal contribution factors over all modes is unity, that is 
N 
J-F=l 
n-1 
4.15 
One of the responses of the structure may be defined as its base shear. Writing Eq 4.12 for the 
base shear Vb, for the nth mode one obtains: 
st 2 vb. (t) K., x Ict)., x U. (01 4.16 
bn is the sum of the nth-mode static part of the external force sn. This is s own in Fg4.1. 
Knowing that [Chopra 2001] 
si -n = 
Fn, Mi Vjn 4.17 
where mj is the lumped mass for the jth degree of freedom, (pj,, the nth-mode shape value at 
thejth degree of freedom; the value of base shear for mode n gives in: 
NN 
Vbg,. Z Sin =r,. 
2: 
MJPi. 4.18 
j. ] j-1 
N 
i 
1 
VbIl 
5No 
p. m 
r., ng,,. 
a 
a) Total external forces s b) External forces s, for the nth mode 
Fig 4.1 Static part of external forces and base shear relation 
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Since F. and pj,, are dimensionless, then Vb,, ' has the same dimension as m,, that is mass. 
For this reason, Vi,, may be denoted by M*. As a result, Eq 4.16 can be rewritten as: 
N 
Vbn 2>ý Mj Vjn x [con2 x Dn (t)] =M *x [co. 2 x D. 4.19 
J-1 
It is apparent from Eq 4.19 that the amplitude of the response due to any given mode depends 
on how the mass of the structure interacts with the mode shapes. Considering that masses in 
all degrees of freedom are positive quantities, it is evident that the term 
m jvj,. 
is relatively large, when the modal displacements for all or the majority of the degrees of 
freedom of the structure are in the same direction. To demonstrate this, the deformed and 
undeformed shapes of some of the modes of a rib of the barrel vault with rise to span ratio of 
0.15 and support condition A, are shown in Fig 4.2. In this figure the undeformed shape of the 
rib is drawn in dotted lines and the deformed shape is drawn in solid lines. The displacements 
of all the degrees of freedom for mode I in the x direction have the same sign, while in z 
direction, the modal displacements of the joints are positive for one half and negative for the 
other half, and thus on the whole they cancel each other, remembering that the mass is 
approximately equally distributed at nodes. Due to this fact, among the three Cartesian 
directions, mode I is only effective in the x direction. On the other hand, because in the x 
direction there is no other mode that the modal displacements of all of the joints have the 
same sign, this mode is the most effective mode in the x direction. In mode 2, there are no 
displacements in the z direction. Also, the displacements of the joints in the x and y directions 
are almost equal and opposite, because the displacements of the joints are anti symmetric 
about the x and y axes, respectively. As a result, because of the equal distribution of the mass 
of the structure, this mode is not effective for any direction. Among the modes 4,29,31 and 
49 that all have nodal displacements in the z direction, mode 4 is the most effective, because 
most of the joints are displaced in the same direction. Regarding mode 3 1, the displacements 
of some of joints in the z direction are positive and some are negative, consequently the total 
effect of the mode in the z direction is small. 
The base shear in a single degree of freedom system with mass m, and natural frequency w is 
given by: 
V( =MX 
2 
, t) co xD b 4.20 
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mode 
mode 4 
mode 29 
mode 31 
Fig 4.2a Sample modes of the barrel vault with rise to span ratio of 0.15 and support condition 
A, drawn for a typical rib of the structure 
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mode49 
mode 
mode 9 
mode 3 
Fig 4.2b Sample modes of the barrel vault with rise to span ratio of 0.15 and support 
condition A, drawn for a typical rib of the structure 
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Comparison of Eqs 4.19 and 4.20 indicates that the base shear in a single degree of freedom 
system with lumped mass M* is the same as the base shear of the nth mode in a multi-degree 
of freedom system with its mass distributed among the various degrees of freedom. M* is 
called the base shear mass or, for brevity, effective modal mass. Equation 4.20 implies that 
the total mass of a single degree of freedom system is effective in producing the base shear. 
This is because the mass and hence the equivalent static force are concentrated at one 
location. While, only a portion of the mass of a multi-degree of freedom system is effective in 
producing the base shear for the nth mode. This portion depends on the distribution of the 
mass of the structure over its degrees of freedom and on the shape of the modes as indicated 
by Eq 4.20. The sum of the effective modal masses M* over all the modes is equal to the total 
mass of the structure. 
For multi-storey buildings, the effective modal mass of the first mode comprises the major 
part of the total mass of the structure, normally more than 75%. However, this is not the case 
for the barrel vaults. As Tables 4.2 to 4.9 show, the participating mass for the barrel vaults 
with different rise to span ratios and support conditions in the first mode is about 50%. 
However, the second mode and sometimes much higher modes can participate heavily in the 
total response of the barrel vaults. 
It should be noted that the results of the eigenvalue analysis are not enough to judge the real 
behaviour of a structure under external loadings. The reason is that the pattern of the 
distribution and the directions of the loads are also important in assessing the effectiveness of 
different modes. For instance, for vertical loading, mode I or 3 in Fig 4.2 will not have a 
major role in the final response of the barrel vaults, even though they are effective in the x and 
y directions. In contrast, a horizontal loading in the x direction will not excite modes 3 and 4. 
In the case of a time history analysis of a structure, there is another parameter that affects the 
modal response of the structure. This is the relation between the natural period of a mode and 
the response spectrum of the loading time history. For instance, even though a mode is 
effective from the point of view of the eigenvalue analysis, if its period is not in the resonance 
region of the response spectrum, the total effect of the mode will not be significant. While, at 
the same time, it may happen that a less effective mode, with a period that occurs in the 
resonance region of the response spectrum of a special loading, may have a more effective 
role in the final response of the structure. The natural periods of the barrel vaults are shown 
for the first 50 modes and for the I 00th mode in Tables 4.2 to 4.9. Further discussion on the 
effects of the periods and response spectra will be discussed later in this section. 
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4.3.3 Analytical Model Of A Barrel Vault 
To carry out the eigenvalue analysis of a structure, the stiffness and the mass matrices of the 
structure should be in hand. The stiffness matrix of the structure is normally obtained through 
an analysis package using the configuration of the structure as well as the sectional properties 
of the elements. These data for the barrel vaults considered in this work are presented in 
Section 3.8.4. Also, the analytical models of the barrel vaults for the purpose of the 
eigenvalue analyses are shown in Fig 4.3. 
The mass matrix of a barrel vault is determined from its dead load. In the present work, it is 
assumed that the total dead load and the corresponding mass is the same for all the barrel 
vaults. The eigenvalue analysis is carried out using the analysis package LUSAS. For the 
purposes of the eigenvalue analysis by LUSAS, it is assumed that the mass of the barrel vault 
is uniformly distributed over the structural elements. LUSAS automatically calculates the 
volumes of the elements by multiplying the lengths of the elements by their assigned cross- 
sectional areas. 
Also, LUSAS calculates the mass of the elements by multiplying their volumes by the mass 
density of the material. Eventually, the distributed masses produced in this way are lumped at 
the nodes by LUSAS. Therefore, by assigning the same mass density for all the elements, the 
mass of the barrel vault is distributed uniformly over the nodes of the structure. The mass 
density of a material is defined as 
m 
P=- 
v 
where 
9p is the mass density of the material, 
eM is the mass of the material and 
eV is the volume of the material. 
The mass of each barrel vault is calculated from its dead load is as follows: 
4.21 
Dead load o the barrel vault 42(m) x 30(m) x 500(Nlm') M=- ?f99.81(nilsec') =64 220 kg 
The volume of the elements of the double layer barrel vault with rise to span ratio of 0.30 and 
the support conditions A, which can be found in the output of LUSAS, is 2.1708 M3 . Thus, 
regarding Eq 4.21, the corresponding density of mass to represent the total mass of the barrel 
vault tums out to be: 
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42 
30 
a) Plan view of the Barrel Vaults 
SG 
b) Ront view of the Barrel Vaults 
Fig 4.3 Analytical models for eigenvalue analysis of the barrel vaults 
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P= 
M= 64220 
=29583.0 kgIM3 4.22 V 2.1708 
In fact, the mass density of steel that is used as the material for the barrel vaults is 7700 
kg/M3. However, the resulting mass density from Eq 4.22 is much higher than the real 
material mass density. It is because that, for the analysis purpose, only the structural elements 
of the barrel vault are introduced to the analysis package and the non-structural parts, such as 
the cladding, supporting elements and connections of cladding and mechanical and electrical 
utilities'are ignored. So, the mass density is calculated in such a way that the masses of the 
aforementioned parts are included, too. This value is given to LUSAS for the mass density of 
the material of the barrel vault with rise to span ratio of 0.30 and support conditions A, as 
input for eigenvalue analysis of the structure. 
4.3.4 Results Of The Eigenvalue Analysis 
The eigenvalue analysis of the barrel vaults shows a major difference between the barrel 
vaults with rise to span ratios of 0.00 (that is, grids) and the barrel vaults with non-zero rise to 
span ratios. The difference is due to the governing direction of the modes. In the case of a 
grid, the direction of the first mode is along the z direction or the vertical direction with 
54.2% and 51.1% mass participation factors for support types A and B, respectively. In 
contrast, the direction of the dominant mode for a barrel vault with non-zero rise to span ratio 
is along the x direction. The mass participation factors of the first modes, in the x direction, 
for the other barrel vaults are as follows: 
a) For the barrel vault with rise to span ratio of 0.15 
the mass participation factor for the first mode is 22.7% with support conditions A 
and 
the mass participation factor for the first mode is 21.9% with support conditions B. 
a) For the barrel vault with rise to span ratio of 0.30 and 
the mass participation factor for the first mode is 3 8.1 % with support conditions A 
and 
the mass participation factor for the first mode is 40.0% with support conditions B. 
b) For the barrel vault with rise to span ratio of 0.45 
the mass participation factor for the first mode is 45.7% with support conditions A 
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and 
the mass participation factor for the first mode is 47.2% with support conditions B. 
This can be seen for the grids in Tables 4.2 and 4.6 and for other barrel vaults in Tables 4.3 to 
4.5 and 4.7 to 4.9. 
The eigenvalue analysis shows that the first mode is along the x direction. Also, as Figs 4.24 
to 4.26 and 4.28 to 4.30 show, the first mode is antisymmetric. This is, the dominant mode of 
the barrel vaults with non-zero rise to span. ratios. It should be noted that the barrel vaults 
have a distinctive and relatively effective mode in the y direction, as well. This mode is 
dominant in the y direction and is mode number 6 with 73.4% and 74.3% mass participation 
factor for the grids with support conditions A and B, respectively. The effective mode in y 
direction for the barrel vaults with non-zero rise to span ratios, except for the barrel vault with 
HIS=0.30 and support type B that is mode 2, is mode number 3. The mass participation 
factors of the first modes, in the x direction, for the other barrel vaults are as follows: 
a) For the barrel vault with rise to span ratio of 0.15 
the mass participation factor for the third mode is 72.8% with support conditions A 
and 
the mass participation factor for the third mode is 73.2% with support conditions B. 
C) For the barrel vault with rise to span ratio of 0.30 and 
the mass participation factor for the third mode is 71.8% with support conditions A 
and 
the mass participation factor for the second mode is 73.1% with support conditions 
B. 
d) For the barrel vault with rise to span ratio of 0.45 
the mass participation factor for the third mode is 72.7% with support conditions A 
and 
the mass participation factor for the third mode is 72.9% with support conditions B. 
The eigenvalue analysis, also, shows that the participation of the mass of a barrel vault 
does 
not become more than 72% for the x direction even within the 
first 100 modes. Consideration 
of the few initial modes, for instance first 5 modes, gives only about 40% of mass articipation 
in the behaviour along the x direction of the barrel vault with the rise to span ratio of 0.30. 
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It is also found out from the eigenvalue analyses that the periods of the principal modes of the 
barrel vaults increase with increasing rise to span ratios. It should be noted, however, that for 
the case of grid, the period of the first mode does not obey this rule. Table 4.1 shows the 
relation between the periods and the rise to span ratios of the barrel vaults and Fig 4.2 shows 
this in a graphical form. 
0.2- 
0.15- 
0 -Support type A E 0.1 Support type B 
10 0.05-- 
0 
0 
0 0.1 0.2 0.3 0.4 0.5 
Rise to span ratios 
Fig 4.4 Relationship between the periods of the principal modes of the x direction with the 
rise to span ratios of the barrel vaults (rise to span ratio of 0.00 is not considered) 
Table 4.1 Periods of the first modes of the barrel vaults with different rise to span ratios in 
seconds 
Support 
Period (sec) 
conditions Rise to Span Ratio 
0.00 0.15 0.30 0.45 
Type A 0.231 0.155 0.186 0.181 
Type B 0.218 0.151 0.175 0.177 
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Table 4.2 Dynamic properties of the first 100 modes for the barrel vault square-on-square type 
A support with rise to span ratio of 0.00 . 
Mode Period Mass participation factor 
No (sec) X-direction Y-Direction Z-direction 
1 0.231 54.2 
2 0.162 -- 
3 0.113 3.7 
4 0.094 -- 
5 0.093 -- 3.0 
6 0.085 -- 73.4 -- 
7 0.07 0.1 -- 
8 0.059 
9 0.056 5.5 
10 0.053 
11 0.051 
12 0.048 0.4 
13 0.043 0.2 
14 0.042 0.3 
15 0.042 
16 0.04 -- 
17 0.039 10.8 
18 0.038 0.3 
19 0.037 
20 0.035 4.1 
21 0.033 
22 0.032 -- 
23 0.032 8.1 
24 0.031 -- 
25 0.03 -- 
26 0.03 39.8 
27 0.029 - 
28 0.029 0.5 
29 0.028 -- 6.5 -- 
30 0.028 0.3 
31 0.027 0.1 
32 0.027 0.4 
33 0.027 -- 
34 0.026 - 
35 0.026 0.4 
36 0.025 0.6 
37 0.025 0.2 
38 0.025 - -- 
39 0.025 0.1 
40 0.024 -- 
41 0.024 
42 0.024 -- 
43 0.023 0.1 
44 0.023 -- 0.1 
45 0.023 
46 0.023 
47 0.022 0.2 
48 0.022 -- 
49 0.022 
50 0.022 0.1 
100 0.018 0.43- 
ass participation for first 
100 Modes 
70.1 81.47 75.56 
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Table 4.3 Dynamic properties of the first 100 modes for the barrel vault square-on-square type 
A support with rise to span ratio of 0.15 
Mode Period Mass participation factor 
No (sec) X-direction Y-Direction Z-direction 
1 0.155 22.7 
2 0.115 -- -- 
3 0.111 72.8 -- 
4 0.107 -- 36.1 
5 0.101 0.1 -- 
6 0.083 0.8 -- -- 
7 0.082 2.1 
8 0.075 16.8 
9 0.073 -- 
10 0.063 0.2 
11 0.062 -- 
12 0.061 
13 0.056 
14 0.056 -- 
15 0.054 7.3 
16 0.052 -- 
17 0.052 
18 0.048 -- 
19 0.048 -- 0.4 
20 0.047 0.4 -- 
21 0.043 0.3 
22 0.042 -- 
23 0.042 
24 0.039 
25 0.038 
26 0.038 1.2 
27 0.038 5.7 
28 0.038 
29 0.037 10.7 -- 
30 0.036 -- 0.1 
31 0.036 14.2 -- 
32 0.035 
---- 
0.5 
33 0.035 -- 
34 0.034 -- 
35 0.034 -- 0.6 
36 0.033 0.1 -- 
37 0.033 -- 
38 0.033 
39 0.032 
40 0.032 0.7 
41 0.032 -- 0.4 
42 0.032 -- 0.1 
43 0.032 0.1 -- 
44 0.032 -- 
45 0.032 
46 0.031 
47 0.031 0.4 
48 0.031 -- 
49 0.030 3.5 
50 0.030 -- 
100 0.024 -- -- 
Mass participation for first 
100 Modes 
67.6 81.1 74.6 
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Table 4.4 Dynamic properties of the first 100 modes for the barrel vault square-on-square type 
A support with rise to span ratio of 0.30 
Mode Period Mass participation factor 
No (sec) X-direction Y-Direction Z-direction 
1 0.186 38.1 
2 0.127 -- 9.5 
3 0.122 71.8 -- 
4 0.109 - 
5 0.105 0.1 - 
6 0.079 -- -- 2.1 
7 0.077 0.9 -- 
8 0.073 7.2 
9 0.069 -- 32.5 
10 0.068 -- 
11 0.068 
12 0.062 -- 
13 0.062 1.7 
14 0.059 -- 
15 0.059 0.9 
16 0.058 -- 
17 0.058 0.1 
18 0.052 -- 
19 0.051 0.1 
20 0.049 -- 
21 0.049 
22 0.047 -- 
23 0.047 0.1 
24 0.046 -- 0.4 
25 0.046 0.2 
26 0.044 - 0.1 
27 0.043 5.0 - 
28 0.042 
29 0.042 
30 0.042 1.0 -- 
31 0.041 -- 0.5 
32 0.041 
33 0.041 -- 
34 0.041 0.5 
35 0.04 2.3 
36 0.04 
37 0.039 0.2 
38 0.039 - -- 
39 0.039 0.3 
40 0.039 0.2 
41 0.039 -- 
42 0.038 
43 0.038 
44 0.038 
45 0.038 -- 
46 0.038 0.1 
47 0.038 -- 
48 0.038 
49 0.038 
50 0.038 -- 
loo 0.026 1.0 
ass participation for first 
100 Modes 
70.45 
II 
80.59 
I 
55.5 
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Table 4.5 Dynamic properties of the first 100 modes for the barrel vault square-on-square type 
A support with rise to span ratio of 0.45 
Mode Period Mass participation factor 
No (sec) X-direction Y-Direction Z-direction 
1 0.181 45.7 
2 0.161 11.3 
3 0.142 72.7 -- 
4 0.113 
5 0.101 
6 0.097 5.6 
7 0.081 - 
8 0.08 0.8 
9 0.076 1.0 
10 0.072 -- 
11 0.069 12.5 
12 0.066 - 
13 0.064 2.1 -- 
14 0.06 -- 0.1 
15 0.06 -- 0.8 
16 0.059 3.9 
17 0.058 -- 
18 0.056 16.0 
19 0.056 
20 0.054 
21 0.053 -- 
22 0.053 0.4 
23 0.052 1.2 -- 
24 0.052 -- 0.9 
25 0.052 
26 0.052 0.5 -- 
27 0.051 -- 0.2 
28 0.051 -- - 
29 0.05 0.2 
30 0.05 - 0.1 
31 0.05 0.1 
32 0.049 -- 
33 0.049 
34 0.049 
35 0.049 0.1 
36 0.049 0.2 
37 0.049 -- 
38 0.049 
39 0.049 -- 
40 0.049 0.1 
41 0.049 
42 0.049 
43 0.048 -- 0.5 
44 0.048 0.1 
45 0.048 -- 
46 0.048 0.1 
47 0.048 -- 0.6 -- 
48 0.048 2.4 
49 0.047 5.4 -- 
50 0.047 
100 0.029 0.5 
Mass participation for first 
100 Modes 
74.6 81.9 49.1 
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Table 4.6 Dynamic properties of the first 100 modes for the barrel vault square-on-square type 
B support with rise to span ratio of 0.00 . 
Mode Period Mass participation factor 
No (sec) X-direction Y-Direction Z-direction 
1 0.218 51.1 
2 0.155 -- 
3 0.107 3.7 
4 0.092 4.0 
5 0.09 
6 0.086 74.3 
7 0.068 -- 
8 0.06 1 -- - 
9 0.053 5.5 
10 0.051 
11 0.05 
12 0.046 
13 0.045 0.4 
14 0.043 0.6 
15 0.042 
16 0.038 
17 0.038 -- 
18 0.037 10.9 
19 0.035 -- 
20 0.034 0.4 
21 0.033 
22 0.033 0.6 
23 0.032 -- 0.1 
24 0.03 
25 0.03 
26 0.029 4.3 
27 0.028 44.8 -- 
28 0.028 0.1 
29 0.027 
30 0.027 0.6 
31 0.027 -- 
32 0.027 1.7 
33 0.027 -- 
34 0.026 0.7 
35 0.026 -- 0.2 
36 0.026 
37 0.026 
38 0.026 -- 
39 0.026 0.2 
40 0.025 
41 0.025 - 
42 0.025 0.4 
43 0.025 -- 
44 0.024 0.1 
45 0.024 5.4 -- 
46 0.024 0.2 
47 0.023 
48 0.023 5.0 
49 0.023 -- 
50 0.023 0.3 
100 0.018 0.2 -- 
Mass participation for first 
100 Modes 
- 
69.1 
L- 
82.4 
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Table 4.7 Dynamic properties of the first 100 modes for the barrel vault square-on-square type 
B support with rise to span ratio of 0.15 
Mode Period Mass participation factor 
No (sec) X-direction Y-Direction Z-direction 
1 0.151 21.9 
2 0.112 -- -- 
3 0.111 73.2 
4 0.104 -- 33.5 
5 0.096 0.2 - 
6 0.081 -- -- 
7 0.079 3.4 
8 0.074 16.8 
9 0.071 -- 
10 0.061 0.4 
11 0.06 
12 0.06 
13 0.057 
14 0.056 
15 0.052 6.9 
16 0.051 
17 0.051 
18 0.047 0.7 
19 0.047 0.3 
20 0.046 0.2 
21 0.044 0.1 
22 0.042 -- 0.1 
23 0.041 
24 0.038 5.9 
25 0.038 0.1 
26 0.038 
27 0.037 -- 
28 0.037 -- 0.6 
29 0.036 2.4 
30 0.036 
31 0.035 21.4 -- 
32 0.035 -- 0.4 -- 
33 0.034 - 0.3 
34 0.034 -- 
35 0.033 
36 0.033 0.1 
37 0.032 -- 
38 0.032 
39 0.032 -- 
40 0.032 0.7 
41 0.032 -- 
42 0.032 
43 0.031 
44 0.031 0.6 - 
45 0.031 -- 0.1 
46 0.031 
47 -T-O30 0.1 
48 0.030 -- -- 
49 0.030 1.6 
50 0.030 0.2 - -- 
100 0.023 -- 0.8 
Mass participation for first 
100 Modes 
66.5 81.6 74.2 
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Table 4.8 Dynamic properties of the first 100 modes for the barrel vault square-on-square type 
B support with rise to span ratio of 0.30 
Mode Period Mass participation factor 
No (sec) X-direction Y-Direction Z-direction 
1 0.175 40.0 -- 
2 0.123 -- 73.1 -- 
3 0.114 -- 8.3 
4 0.104 -- 
5 0.096 
6 0.074 -- 0.8 
7 0.073 2.5 -- 
8 0.067 6.1 
9 0.064 -- 
10 0.063 -- 
11 0.061 33.8 
12 0.059 - 
13 0.058 1.1 
14 0.056 
15 0.056 -- 
16 0.055 0.5 
17 0.055 -- 5.5 
18 0.049 
19 0.047 
20 0.047 0.1 
21 0.046 -- 0.1 
22 0.045 
23 0.045 -- 0.2 
24 0.044 0.4 -- 
25 0.042 -- -- 
26 0.042 6.7 -- 
27 0.041 -- 0.4 
28 0.04 - 
29 0.039 -- 
30 0.039 -- 0.4 
31 0.039 0.9 
32 0.039 -- 
33 0.038 0.3 -- 
34 0.038 -- 0.6 
35 0.038 
36 0.038 
37 0.037 -- 
38 0.037 0.1 -- 
39 0.037 -- 0.1 
40 0.036 
41 0.036 0.2 
42 0.036 0.2 - 
43 0.036 -- 
44 0.036 
45 0.036 
46 0.036 0.2 
47 0.036 
48 0.036 
49 0.036 
50 0.036 
100 0.025 0.7 
Mass participation for first 
100 Modes 
71.8 81.8 58.1 
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Table 4.9 Dynamic properties of the first 100 modes for the barrel vault square-on-square type 
B support with rise to span ratio of 0.45 
Mode Period Mass participation factor 
No (sec) X-direction Y-Direction Z-direction 
1 0.177 47.2 
2 0.153 
3 0.143 72.9 
4 0.11 1 
5 0. 0 97 -- 
6 009 0.09 5.2 
7 0 0. 0.0 
8 0.077 0.7 
9 0.072 -- 
10 0.071 1.0 -- 
11 0.064 -- 10.8 
12 0.062 2.2 -- 
13 0.062 -- 
14 0.06 1.7 
15 0.058 
16 0.056 
17 0.056 0.7 
18 0.052 -- 
19 0.051 1.0 -- 
20 0.051 19.1 
21 0.05 0.1 -- 
22 0.05 -- 3.7 
23 0.05 0.1 -- 
24 0.05 -- 
25 0.049 
26 0.049 
27 0.048 
28 0.048 -- 0.3 
29 0.048 0.1 
30 0.048 0.1 
31 0.047 0.1 
32 0.047 0.1 
33 0.047 -- 3.3 
34 0.047 0.5 
35 0.047 -- 
36 0.046 -- 0.1 
37 0.046 0.1 
38 0.046 
39 0.046 
40 0.046 -- 
41 0.046 0.1 
42 0.046 -- 
43 0.046 
44 0.046 
45 0.046 
46 0.045 
47 0.045 -- 1.0 
48 0.045 0.4 -- 
49 0.045 
50 0.044 2.9 
100 0.029 -- 
Mass participation for first 
100 Modes 
73.1 82.5 50.1 
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Fig 4.5 Variations of the periods of the first 50 modes for the barrel vaults with supports type 
A and with different rise to span ratios (IVS) 
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Fig 4.6 Variations of the periods of the first 50 modes for the barrel vaults with supports type 
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Fig 4.7 Mass participating factors of the first 50 modes of the barrel vault with supports type 
A and with rise to span ratio of 0.00 
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Figg 4.8 Accumulative mass participation factors of the first 50 modes of the barrel vault with 
supports type A and with rise to span ratio of 0.00 
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Fig 4.9 Mass participating factors of the first 50 modes of the barrel vault with supports type 
A and with rise to span ratio of 0.15 
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Fig 4.10 Accumulative mass participation factors of the first 50 modes of the barrel vault with 
supports type A and with rise to span ratio of 0.15 
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Fig 4.11 Mass participating factors of the first 50 modes of the barrel vault with supports type 
A and with rise to span ratio of 0.30 
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Fig 4.12 Accumulative mass participation factors of the first 50 modes of the barrel vaLlIt with 
supports type A and with rise to span ratio of 0.30 
Arjang Sadeghi 141 
-- c 
CHAPTER FOUR Dynamic Characteristics of the Barrel Vaults and Earthquakes PhD Thesis 
80% 
70 o/o 
, cz 60 Oo 
50% 
cc 
30% 
20% 
ER 10% 
no, 
z 
-ý: 
Xrmx nz V01ýIII. ýII. II. IIIýIIýIII: -- 
59 13 17 21 25 29 33 37 41 45 49 
Nlode Number 
Fi g 4.13 Mass participating factors of the first 50 modes of the barrel vault with supports type 
A and with rise to span ratio of 0.45 
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Figg 4.14 Accumulative mass participation factors of the first 50 modes of the barrel vault with 
supports type A and with rise to span ratio of 0.45 
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Fig 4.15 Mass participating factors of the first 50 modes of the barrel vault with supports type 
B and with rise to span ratio of 0.00 
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Fig 4.16 Accumulative mass participation factors of the first 50 modes of the barrel vault with 
supports type B and with rise to span ratio of 0.00 
Arjang Sadeghi 143 4-1 Cý 
CHAPTFR FOUR D\ mimic Characteristics of the Barrel Vaults and Ial-thqUakes PhD Thesis 
0.8 
0.7 
0.6 
0.5 
cc 0.4 
z 
Ct 0.3 
Ln xx Cr C', 0.2 z 
0.1 x 
zzxx 
0 
159 13 17 21 25 29 33 37 41 45 49 
Mode Number 
Fig 4.17 Mass participating factors of the first 50 modes of the barrel vault with supports type 
B and with rise to span ratio of 0.15 
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Fig 4.18 Accumulative mass participation factors of the first 50 modes of the barrel vault with 
supports type B and with rise to span ratio of 0.15 
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Fig 4.19 Mass participating factors of the first 50 modes of the barrel vault with supports type 
B and with rise to span ratio of 0.30 
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Fig 4.20 Accumulative mass participation factors of the first 50 modes of the barrel vault with 
supports type B and with rise to span ratio of 0.30 
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Fig 4.21 Mass participating factors of the first 50 modes of the barrel vault with supports type 
B and with rise to span ratio of 0.45 
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Fig 4.22 Accumulative rnass participation factors of the first 50 modes of the barrel vault with 
SLIpports type B and with rise to span ratio of 0.45 
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Fig 4.23 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type A and with rise to span ratio of 0.00 (Continued) 
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Fig 4.23 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type A and with rise to span ratio of 0.00 (Continued) 
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Fiýg 4.23 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type A and with rise to span ratio of 0.00 (Continued) 
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Fig 4.23 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type A and with rise to span ratio of 0.00 
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Fig, 4.24 Shapes of the effective modes of the first 50 modes of the barrel vault with supports In, 
type A and with rise to span ratio of 0.15 (Continued) 
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Fig 4.24 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type A and with rise to span ratio of 0.15 (Continued) 
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Fig 4.24 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type A and with rise to span ratio of 0.15 (Continued) 
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Figg 4.24 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type A and with rise to span ratio of 0.15 
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Fig 4.25 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type A and with rise to span ratio of 0.30 (Continued) 
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Fig 4.25 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type A and with rise to span ratio of 0.30 (Continued) 
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Fig, 4.25 Shapes of the effective modes of the first 50 modes of the barrel vault with SLIpports 
type A and with rise to span ratio of 0.30 (Continued) 
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Figg 4.25 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type A and with rise to span ratio of 0.30 
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Fig 4.26 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type A and with rise to span ratio of 0.45 (Continued) 
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Fig 4.26 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type A and with rise to span ratio of 0.45 (Continued) 
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Fig 4.26 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type A and with rise to span ratio of 0.45 (Continued) 
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Fig 4.26 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type A and with rise to span ratio of 0.45 (Continued) 
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Fig 4.26 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type A and with rise to span ratio of 0.45 
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Fig 4.27 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type B and with rise to span ratio of 0.00 (Continued) 
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Fig 4.27 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type B and with rise to span ratio of 0.00 (Continued) 
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Fig 4.27 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type B and with rise to span ratio of 0.00 (Continued) 
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Fig 4.27 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type B and with rise to span ratio of 0.00 
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Fic, 4.28 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
týrpe B and with rise to span ratio of 0.15 (Continued) 
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Fig 4.28 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type B and with rise to span ratio of 0.15 (Continued) 
Ariang Sadeghi 169 
CHAPTER FOUR Dynarrk Characteristics of the Barrel Vaults and Earthquakes PhD Thesis 
mode29 
mode 31 
inocle 32 
mode 33 
mode36 
mode40 
mode 44 
nioclo, 45 
Fie, 4.28 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type B and with rise to span ratio of 0.15 (Continued) 
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Fig 4.28 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type B and with rise to span ratio of 0.15 
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Fig 4.29 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type B and with rise to span ratio of 0.30 (Continued) 
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Fig 4.29 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type B and with rise to span ratio of 0.30 (Continued) 
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Fig 4.29 Shapes of the effective modes of the first 50 modes of the barrel vault with supports cl 
type B and with rise to span ratio of 0.30 (Continued) 
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Figg 4.29 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type B and with rise to span ratio of 0.30 
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Fig 4.30 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type B and with rise to span ratio of 0.45 (Continued) 
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Fig 4.30 Shapes of the effective modes of the first 50 modes of the barrel vault with supports Z-- 
type B and with rise to span ratio of 0.45 (Continued) 
Arjang Sadeghi 177 
CHAPTER FOUR Dynamic Characteristics of the Barrel Vaults and Earthquakes PhD Thesis 
mode29 
mode 30 
mode 31 
mode 32 
niode 33 
mode 34 
mode 36 
mode 37 
Fig 4.30 Shapes of the effective modes of the first 50 modes of the barrel vault with supports 
type B and with rise to span ratio of 0.45 (Continued) 
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Fig 4.30 Shapes of the effective modes of the first 50 modes of the barrel vault with supports Z-- 
type B and with rise to span ratio of 0.45 
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4.4 EARTHQUAKE LOADING 
From the point of view of structural engineering, an earthquake does not impose direct 
loading on a structure. The waves produced during an earthquake hit the foundation of a 
structure and vibrate it. Depending on the mass and the stiffness of the structure, it responds 
and resists the motion. As a result, a set of internal forces is produced in the elements of the 
structure. For ordinary structures, the codes of practice treat the earthquake action as a 
statically equivalent loading. For special structures, the codes specify applying the records of 
the past earthquakes. The earthquake records are comprised from a) acceleration time-history, 
b) velocity time-history and c) displacement time-history, which are the variations of 
acceleration, velocity and displacement of the ground of a recording instrument at a recording 
station. 
4.4.1 Types Of Ground Motion Records 
For strong ground motions, accelerograms are recorded by accelerographs and velocity and 
displacement time-histories are calculated by single and double integration of the 
accelerograms, respectively. However, it is difficult to determine accurately the ground 
velocity and displacement from analogue accelerograph records, because they do not record 
the initial part of the acceleration time-history (until the accelerograph is triggered) and thus 
the base (zero acceleration) line in unknown. Digital accelerographs overcome this problem 
by providing a short memory so that the onset of ground motion is measured. The recorded 
accelerogram of an event is called an uncorrected accelerogram. and it should be corrected for 
filtering the instrumental errors and effects. There are a number of methods to filter and 
correct an accelerogram, but the subject is beyond the scope of this research and will not be 
discussed here. However, whatever the correction method, the calculation process of the 
velocity and displacement time-histories is quite sensitive to the filtering procedure used in 
correcting the accelerograms. Hence, by far the most useful information for structural 
engineering applications is obtained by using acceleration time-histories or accelerograrns. 
In practice the accelerograms are widely used in the assessment of the action of the ground 
motion over the structures. Two methods are common in using the accelerograrns for 
estimating the action of the earthquakes, namely the modal analysis method and time-history 
analysis method. In the first method the accelerograms are used for construction of a design 
spectrum, which is used for calculation of the statically equivalent loading for earthquakes on 
buildings. This method is used with one mode for normal buildings or with a combination of 
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3 to 5 modes for more complicated structures. This method is called the statically equivalent 
method or the elastic response spectrum method and is discussed in Sections 1.6.1 and 3.5.2. 
In the second method, the accelerograms are used directly for the calculation of the response 
of a structure by dynamic analysis. This method is referred to as time-history analysis method 
and is used only for special structures. In the present work, the second method or time-history 
analysis is employed to estimate the linear and nonlinear response of the barrel vaults. The 
linear time-history analyses of the barrel vaults are carried out for estimation of the statically 
equivalent earthquake loading for the barrel vaults. The nonlinear time-history analysis of the 
barrel vaults are carried out to obtain the behaviour factor R of the barrel vaults. It should be 
stressed that throughout this research, only corrected accelerograms are employed. 
4.4.2 Types Of Accelerograms 
Accelerograms are normally recorded in 2 horizontally perpendicular directions and one 
vertical direction in recording stations. They are recorded in the earthquake prone areas, in 
free fields or in structures. However, because of the absence of recording stations in some 
areas, the use of artificial accelerograms is suggested to fill the gap for specific sites. The 
artificial accelerograrns are created so that their response spectrum is compatible with the 
local design spectrum. Using artificial or synthetic accelerograms is practically restricted to 
specific structures, such as dams and nuclear power plants. Nowadays, because of the 
increasing rate of recorded natural accelerograms, some researchers oppose the usage of the 
-artificial accelerograms [Bommer et al 
2000]. Also, Naeirn [1995] has shown that the 
indiscriminate use of design spectrum compatible artificial accelerograms can lead to 
exaggeration of displacement demand and energy input. In the present work, only the natural 
accelerograms are selected for the analysis of the barrel vaults, because: 
9 There is more than sufficient number of natural accelerograms for all kinds of sites. 
* The artificial accelerograms exaggerate the energy input and displacement demand 
of the structure, and therefore can lead to irrationally conservative design for a 
structure. 
The shape of an artificial accelerogram, generated with accordance in the design 
spectrum is not typical of real earthquake records [Rosenblueth 1980]. 
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4.4.3 Available Databanks Of Accelerograrns 
Databanks of accelerograms have been compiled in many regions, pdrticularly in the United 
States and Japan. One of the largest collections containing over 15,000 digitised and 
processed accelerograms from all over the world (but mainly from the US), from 1933 to date, 
is available from the National Geographical Data Centre in Boulder, Colorado. A number of 
American and International records can be downloaded directly from the web site of the 
PEER Strong Motion Database of the University of California, Berkeley. In Europe, 
accelerograms are available from organizations such as the -Institute of Engineering 
Seismology and Earthquake Engineering (ITSAK), Thessaloniki, Greece, and Servizio 
Sismico Nazionade (SSN), Rome, Italy [Kappos 20021. In the sequel, some of the major 
databases of strong motion accelerograms are listed. Brief introductory information for each 
database is given in Appendix Al. 
In the present work, the accelerograms are downloaded from the PEER Strong Motion 
Database. The PEER Strong Motion Database contains 1557 processed records from 143 
earthquakes from tectonically active regions, using publicly available data from Federal, 
State, and private sources of strong motion data. 
4.4.4 Criteria For Selection Of Accelerograms 
The main purpose of using accelerograms is to characterise the strong ground motion, with a 
view to define appropriate design loads. There are a large number of accelerograms available 
from various databases, as discussed above. The appearance and characteristics of 
accelerograms not only differ from each other, but their effects also are different depending 
on the dynamic characteristics of the structure. Therefore, for obtaining a realistic assessment 
of the behaviour of a specific structure during future earthquakes, the accelerograms should 
be selected carefully. Choosing a suitable set of accelerograms depends on the type of criteria 
used for their selection. There are numerous criteria for selecting the accelerograms. These 
criteria are discussed in textbooks and published papers. In what follows, some of the main 
criteria for the selection of accelerograms are introduced and discussed in relation to the 
object of this research. Finally, the suitable criteria for the selection of accelerograms for the 
analysis of the barrel vaults are presented. The main criteria for selecting the accelerograms 
are as follows: 
1. The first criterion to be considered is the soil condition of the recording site of the 
accelerograms. The accelerograms are classified according to the geotechnical 
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properties of the site of the accelerographs, and are used for the analysis of the 
structures with more or less similar site specifications. The background of this method 
of selection of the accelerograms is that similar soil conditions have similar effects on 
the seismic waves and also the effect of a specific soil category is roughly the same all 
over the world. Due to this, great efforts are made to define the soil conditions 
rationally. Different classifications are available for the soil conditions from different 
sources. The main consideration for the categorisation of the soil types is the depth of 
the bedrock, velocity of the shear wave in the soil and the shear strength of the soil. 
However, soil types are classified differently in different sources. For instance, 
provisions of FEMA 368 [NEHRP 2000] divides the soils into 6 classes while 
Eurocode 8 considers only 3 soil classes. In the present work, the classification of the 
Eurocode 8 is used because of its simplicity. The soil classes according to Eurocode 8 
are as follows: 
0 Stiff soil or subsoil class A, consisting of 
o Rock or other geological formations with a shear wave velocity of at 
least 800 m/s, with no more than 5 rn of weaker material at the top. 
o Stiff deposits of sand, gravel or overconsolidated clay, at least several 
tens of meters thick and with shear wave velocity of no less than 400 m/s 
at 10 m depth. 
Moderate soil or subsoil class B, consisting of 
o Deep deposits of medium dense sand, gravel or medium stiff clays with 
thickness from several meters and with shear wave velocity of at least 
200 nVs at a depth of 10 m, increasing to no less than 350 nils at a depth 
of 50 m. 
* Soft soil or subsoil class C, consisting of 
o Loose cohesive soil deposits with or without some soft cohesive layers 
with shear wave velocity of below 200 m/s in the uppermost 20 m. 
o Deposits with predominant soft to medium stiff cohesive soils with 
shear wave velocity below 200 m/s in the uppermost 20 m. 
Consideration of the soil types is important in the selection of the accelerograms, 
because it affects both the amplitudes and periods of the waves emerged from the 
source of the quake in the bedrock. The soil type is effective in the attenuation rate of 
Arjang Sadeghi 183 
CHAPTER FOUR Dynarr& Characteristics of the Barrel Vaults and Earthquakes PhD Thesis 
the acceleration of the ground motion, as well. It is well known that, the softer the soil 
is, the more it amplifies the acceleration of the ground motion. In fact, this is true for 
the structures with long principal periods. Seed et al [1976a and 1976b] have shown 
that for the structures with periods shorter than 0.5 seconds' the effect of soil type is 
rather irregular, see Fig 4.29. This conclusion is used in the latest edition of the 
NEHRP 2000 design spectra as shown in Fig 4.30. Nevertheless, Eurocode 8 specifies 
different design spectra for the specified soil types and takes into account the 
amplification of soft soils in the short period region of the spectrum as well, see 
Section 3.5.2. 
2. The second criterion to be considered in selecting the accelerograms relates to the 
instrumental values of the accelerograms. The instrumental values are obtained either 
directly or with some simple calculations from the digitised and corrected versions of 
the instrumental records of the earthquakes. Instrumental parameters include peak 
ground acceleration PGA, peak ground velocity PGV, peak ground displacement PGD 
and duration of the pulses or duration of the ground motion. Normally, peak ground 
acceleration PGA is chosen for selection of accelerograrns for a specific purpose. The 
accelerograms are implicitly classified into two major groups: a) weak ground motion 
and b) strong ground motion. There is no generally accepted division point between 
these two groups of acclerograms. Some researchers [Kappos 20021 suggest 0.2g for 
threshold of strong ground motion, however, normally peak ground accelerations 
larger than 0.3g are taken as strong motion. It is worth noting that a minimum level of 
acceleration of 0.0 1g triggers the analogue accelerographs. 
Peak ground acceleration PGA by itself is a measure of intensity of the forces an 
earthquake induces in a structure. Although using PGA is beneficial in obtaining the 
response of the structure for the probable future events, some researcher [Naeim 1995] 
has shown that mere consideration of PGA would be a poor parameter for evaluating 
damage potential of the structure, when a large peak acceleration is associated with a 
short duration impulse of high-frequency (acceleration spike). In this case, most of the 
impulse is absorbed by the inertia of the structure with little deformation. On the other 
hand, a more moderate acceleration may be associated with a long-duration impulse of 
low frequency (acceleration pulse), which result in a significant deformation of the 
structure. This argument has arisen with study of the behaviour of the high rise 
concrete buildings that are massive and therefore have large inertias. For the case of 
the barrel vaults that are, in contrast, relatively light weight, the situation will be 
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different. The effects of PGA on the behaviour of the barrel vaults will be discussed 
concisely in the following chapters. 
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3. The third criterion that may be considered in selecting the accelerograms is the 
distance of an accelerogram from the hypocentre (that is the location of the rupture 
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under ground) of an earthquake. The fact is that, whatever is the soil type, the distance 
from the hypocentre has an effect on the travelling waves.. As the seismic waves 
propagate away from the source (hypocentre), their amplitude decreases and this 
results in the so-called attenuation of the ground motion. Attenuation is the reason 
why even the strongest motions cease to be damaging after a certain distance from the 
source of the earthquake. The attenuation effect of the soil increases with increase of 
distance from the source of the motion, but the rate is different for different 
characteristics of the motion. For instance, the longitudinal waves attenuate faster than 
shear waves. So, the vertical-to-horizontal ground acceleration ratio is high in the 
near-fault areas comparing with far-fault areas. This ratio may be considered as a 
measure for the selection of the accelerograms, because some researchers [Elnashai 
1988] have shown that the vertical component of an earthquake can be sometimes 
more critical than its horizontal action. This fact has been confirmed by the effects of 
the Kobe earthquake (1995) on double layer barrel vaults where the vertical 
acceleration of the earthquake was high [Saka et al 1997]. 
The other parameter that some researchers [Zhu et al 1988] have suggested as a basis 
for the selection of the accelerograms is the peak acceleration-to-velocity ratio AN of 
a record. The peak acceleration-to-velocity ratio AN is a sign of the attenuation of the 
earthquake effects. The attenuation of the acceleration with distance is faster than the 
attenuation of the velocity. As a result, the peak ground acceleration-to-velocity ratio 
AN is high near the earthquake source and is low at a long distance from the source of 
energy release. Zhu et al [1988] have shown that, a structure subjected to a low AN 
can sustain much more significant inelastic deformations and stiffness deterioration 
than the same structure subjected to ground motion with high AN. Both of the criteria 
of the vertical-to-horizontal acceleration ratio and acceleration-to-velocity ratio are the 
signs of the energy input and destructive capability of the seismic event. However, 
these statements should not be interpreted as meaning that the damage potential of a 
motion at, say, 100 or 200 km from the source is always lower than at a distance of 
say 10 or 20 km. Site effects (criterion No 1) can lead to quite the opposite, a notable 
example being that of the 1985 earthquake off the coast of Mexico whose most 
catastrophic effects (including about 10,000 fatalities) were recorded in Mexico City, 
400 km away from the epicentre (centre of the ground motion on the earth). 
4. The fourth criterion that is considered by some investigators in selecting the 
accelerograms is the damage potential of the accelerograms. To compensate for the 
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shortcomings of using the instrumental parameters in selecting the accelerograms, as 
mentioned in criterion No. 3, some researchers [Naeim et al, 1993 and 1995 and 
Naeim 1995] have suggested the use of maximum incremental velocity (IV) and 
maximum incremental displacement (ID) for characterising the damage potential of 
earthquake motions in near-fault regions. Incremental velocity (IV) represents the area 
under an acceleration pulse. In a similar manner, the area under the velocity pulse is 
equal to the incremental displacement (ID). The incremental velocity (IV) and the 
incremental displacement (ID) are indicators of energy content and potential, damage 
of an earthquake. These parameters provide a much better view of the earthquake 
damage potential in the middle range of interest of building designers (natural periods 
of 0.5 to 2.5 seconds). Apparently the barrel vaults do not fall into this range and 
therefore, this criterion would not be considered in selection of the accelerograms for 
the analysis of the barrel vaults. 
4.4.5 Selected Accelerograms For The Analysis Of The Barrel Vaults 
The principal periods for the barrel vaults are normally in short period range; refer to Tables 
4.2 to 4.9. The effects of earthquakes on short period structures, that is, for structures with 
periods shorter than 0.5 sec, near the source of motion is stronger than that in far-field areas 
[Chopra 2001]. So, in the present work, the accelerograms are selected to represent the near- 
fault characteristics discussed in criterion No 3. According to the discussion in criterion No 1, 
it is assumed that the soil type does not have a major effect on the short period structures. 
Therefore, in selecting the accelerograms, the type of soil is not considered. To sum up, for 
the purposes of this work, the accelerograms are selected with the following considerations in 
mind: 
9 The peak ground acceleration PGA is more than 0.3g, 
* the peak AN ratio is in high range, 
0 the vertical-to-horizontal acceleration ratio A, /Ah is high, and 
0 the soil effect is not considered. 
It is assumed that the selected accelerograms will have the representive effects of any 
expected severe ground motion for the barrel vaults. The reason for ignoring the soil effect is 
that for the barrel vaults that are among the short period structures, the soil effect is not 
considerable. At the same time, the peak acceleration-to-velocity ratio AN is chosen to be 
high since this ratio is a sign of the ability of the structure to sustain nonlinear deformations 
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and stiffness deterioration. As discussed in Section 3.8, barrel vaults are prone to brittle 
behaviour or instability, so an earthquake, with high AN is more destructive for the barrel 
vaults. Furthermore, the barrel vaults usually have considerably large spans, so the vertical 
component of an earthquake may be critical for them. Thus, the selected accelerograms have 
relatively high vertical-to horizontal acceleration ratios A, /Ah. The duration of recorded 
accelerograms, obtained from PEER Strong Motion Database is normally about 20-30 
seconds. Since the whole of the duration of the accelerograms is not effective, normally the 
accelerograrns are truncated to minimise the required time for analysis of the structure without 
making any noticeable change in the effects. In the current work, the duration of the 
accelerograrns are taken as the interval between the first and last occurrences of accelerations 
equal to or larger than 0.05g [Bolt 1969, Page et al 1972]. 
Tables 4.10 and 4.11 illustrate the characteristics of the selected earthquakes. Table 4.10 
shows the name, date of occurrence, recording station, nearest distance of recording station 
from the fault, magnitude of the earthquake and the type of the soil at the recording station. 
Table 4.11 illustrates the instrumental parameters of the selected earthquakes. The major 
instrumental parameters of the earthquakes, namely the peak ground acceleration PGA, peak 
ground velocity PGV and peak ground displacement PGD for two horizontal components and 
one vertical component of the selected earthquakes are shown in Table 4.11. As may be 
noticed, the PGA's of the records are higher than 0.3g demonstrating that the records are all 
strong motion earthquakes. The abbreviations U, L and T used in Table 4.11 stand for up- 
down, longitudinal and transversal components of earthquakes, respectively. In the same 
table, the values of AN are presented, too. The AN values are normally higher than 0.8, 
which are in the normal and high range of the classification of Zhu et al [1987]. According to 
Zhu et al [1987], the records with AIV<0.8 glcnVs are classified in the low range, the records 
with a8 g1cnz1s<A1V<1.2 glcnVs are classified as to be in the normal range and the records 
with AIV>1.2 glcnzls are classified in the high range of the AfV ratio. 
The accelerograms of the selected earthquakes are shown in Appendix A *Figs la to 36i 
Amongst these records, some belong to the short-duration pulse-type accelerograms. These 
are the accelerograms of Cape Mendocino, Chi-Chi, Coaling, Imperial Valley, Kobe and San 
Fernando earthquakes. Durations of the rest of the accelerograms are moderate or long. Gazli, 
Loma Prieta, Nahanni, Northridge, Landers and Tabas earthquakes are in this category. In the 
following chapters the effects of the duration of the accelerograms will be discussed in more 
details. 
Another Point that is worth noting is that, except for the longitudinal components of Chi-Chi 
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and Loma Prieta earthquakes, the resonance range of the selected accelerograms are in the 
short period region, that is T<0.5 s. Since the periods of the barrel. vaults are in the short 
period region too, then it is assumed that the selected accelerograms will represent the 
probable strong earthquakes affecting the barrel vaults. The accelerograms and response 
spectra for the accelerograms of the selected earthquakes are shown in Appendix A2. 
Table 4.10 General peculiarities of the selected earthquakes 
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Table 4.10 General peculiarities of the selected earthquakes 
0 Im *Z *Z = 0 0 IM *M *Z . - - . - 
0 
C/) En cn En V) c) C'n 01 V ) C/) 
0 
"o 
cl %D 00 00 W) CN V) C% 00 r- ý10 Itil 
ý6 G 
u 
06 
01% 
1 %, 
6 
C14 
06 1 110 
1ý0 
0 *Z: 
m &n 
u 
"0 
r. 
P. 
cz u 
0 
00 
Z u o iý ý4 
<1 
U 
-W 
I 
cl _w, 
g F. 
T 
Q 0 
O-j 
I 
- U5 
"a 
0 u 
o 
E- 
1 
5 
cl 
6. 
. 
C13 E- 
N 
ON ON 
CIN r- - 
cl, C% (ON en 
00 
C7*1 
110 
r- CN 
C*l 
rn 
ýD 
CN 
C14 
CN 
C-, 
CN 
co 
ýýN 
< 
00 
ON 
- 
ef 
C 
CN 
C% 
- 
r- 
C% 
-le 
C; 
00 
CN 
vý 
cr 
w 
0 Ic 
u uI 
cl 0 uI 
En C/) 
o 
> 
.ý 
r. 
cl 
.0 ý2 
1 
C*I) 
C 
.1 
E 
.91 
U 
r 
cl z 
t: 
Z' 
vs 
U) F. 
cq 
cq cn It I tn 1 110 r- 00 
CN 
Arjang Sadeghi 190 
CHAPTER FOUR Dynamic Characteristics of the Barrel Vaults and Earthquakes PhD Thesis 
Table 4.11 Selected earthquakes instrumental characteristics 
No Earthquake Component PGA PGV PGD A/V 
I Cape Mendocino, USA, 1992 U 0.754 63.0 109.48 1.2 
L 1.497 127.4 41.01 1.18 
T 1.039 42.0 12.39 2.47 
2 Chi-Chi, Taiwan, 1999 U 0.724 49.0 27.82 1.48 
L 0.902 102.4 33.97 0.88 
T 0.968 107.5 18.6 0.90 
3 Coaling, USA, 1983 U 0.568 12.5 1.2 5.44 
L 0.866 42.2 6.14 2.05 
T 0.447 24.8 2.23 1.80 
4 Gazli, USSR, 1976 U 1.264 54.2 30.15 2.33 
L 0.608 65.4 25.29 1.04 
T 0.718 71.6 23.71 1.0 
5 Imperial Valley, USA, 1979 U 1.655 57.5 26.41 2.88 
L 0.41 64.9 27.69 0.62 
T 0.439 109.8 65.89 0.40 
6 Kobe, Japan, 1995 U 0.433 34.8 12.38 1.24 
L 0.693 68.3 26.65 1.01 
T 0.694 85.3 16.75 
Note: U= Up-down component, L-- Longitudinal component and T= Transverse component. 
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Table 4.11 Selected earthquakes instrumental characteristics (continued) 
No Earthquake Component PGA PGV PGD A/V 
7 Landers, USA, 1992 U 0.818 45.9 22.23 1.78 
L 0.785 31.. 9 70.31 2.46 
T 0.721 97.6 16.42 0.74 
8 Loma Prieta, USA, 1989 U 0.89 54.9 17.56 1.62 
L 0.563 94.8 41.18 0.59 
T 0.605 51.0 11.5 1.19 
9 Nahanni, Canada, 1985 U 2.086 40.5 12.12 5.15 
L 0.978 46.0 9.67 2.13 
T 1.096 46.1 14.58 2.38 
10 Northridge, USA, 1994 U 1.048 75.4 20.05 1.39 
L 1.779 113.6 33.22 1.57 
T 0.99 77.6 30.45 1.28 
II San Fernando, USA, 1971 U 0.699 56.5 18.25 1.24 
L 1.226 112.5 35.5 1.09 
T 1.16 54.3 11.73 2.14 
12 Tabas, Iran, 1978 U 0.688 45.6 17.04 1.51 
L 0.836 97.8 36.92 0.85 
T 0.852 121.4 94.58 
Note: U=-Up--down-component, I, - Longitudinal component 
- 
and T= 
-T- 
ransverse component 
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5.1 INTRODUCTION 
In this chapter the horizontal accelerograms of the selected earthquakes are applied to the 
barrel vaults and the equivalent horizontal forces of the earthquakes are generated. Also, 
equivalent shear forces produced by these horizontal forces are calculated at different levels 
of the heights of the barrel vaults. For the calculation of the equivalent horizontal forces one 
of the two horizontal components of the earthquakes, mostly one whose PGA is larger, are 
selected. Then the selected accelerograms are scaled to a specific PGA and their duration is 
truncated. Finally, the barrel vaults are analysed under the action of the resulting 
accelerograms; using the analysis package LUSAS. All the analyses in this chapter are in 
elastic region. 
A simple program developed in C++ language carries out the repeated manual parts of the 
calculation of the equivalent nodal forces and shears, see Appendix B 1. This program uses the 
output files of the analysis package LUSAS to produce the necessary input files for EXCEL 
to draw the required charts. These charts show the patterns of lateral forces and shear forces 
produced by the earthquakes. The resulting data for the distribution of the equivalent 
horizontal forces and shears for different earthquakes and the barrel vaults are combined by 
statistical methods for the generalisation of the results. Finally, some formulae for the 
distribution of the equivalent forces of earthquake on the barrel vaults are introduced. 
5.2 EQUIVALENT JOINT FORCES 
I 
The aim of this section is to obtain the equivalent horizontal nodal forces for earthquakes on 
the barrel vaults. For this purpose, appropriate components of the selected earthquakes are 
chosen. Linear dynamic analyses of the barrel vaults with different rise to span ratios and 
support conditions are carried out. The output files are processed and the equivalent forces 
and shears are calculated. 
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5.2.1 Processing The Accelerograms 
The selected earthquakes have two horizontal components that may hit a structure with equal 
probability from any direction. So, without discrimination between the longitudinal and 
transversal components of an earthquake, for the purpose of determining the horizontal effect 
of the earthquake, the component with larger PGA is chosen for the analysis. Also, the 
effective duration of the accelerograms or the 'bracketed duration' of the accelerograms are 
considered as well. The bracketed duration of an accelerogram is taken to be the time interval 
between the first and the last appearance of an acceleration of at least 0.05g. Table 5.1 shows 
the times of the occurrences of accelerations of at least 0.05g for the first and last time in the 
recorded time histories. Also, the durations in seconds are given in the table for each 
component. It is worth noting that bracketing an accelerogram does not change its response 
spectrum. This is shown in Fig 5.1 for the spectrum of the Coaling longitudinal accelerogram. 
The major criterion for choosing the longitudinal or transversal components is the quantities 
of their PGA's. However, in a case when the PGA's for both components are nearly the same, 
the longer duration is selected. For instance, for the Kobe earthquake the peak accelerations 
are 0.693g for the longitudinal component and 0.694g for the transversal component. 
However, the durations are different and are 15.5 seconds for the longitudinal component and 
13 seconds for the transversal component, so the longitudinal component with longer duration 
is selected. Table 5.2 summarises the particulars of the selected accelerograms. This table also 
contains the time increments of the selected accelerograms. As is may be seen from column 5 
of Table 5.2, the peak accelerations of the selected accelerograms are varying from a 
minimum of 0.693g for the Kobe earthquake to a maximum of 1.779g for the Northridge 
earthquake. In dealing with different accelerograms for the analysis of a structure, it is Z) 
common to scale the accelerograms. Scaling implies the multiplication of the whole time 
history of an accelerogram. by a factor to obtain a predetermined PGA. The purpose of scaling 
an accelerogram is to achieve two aims: 
9 to approach a predefined seismic risk, based on the consideration of the 
seismological risk of a site together with appropriate economical considerations and 
e to make the effects of different accelerograms comparable by equalising their peak 
values. 
For the purposes of the current work, where there is no specified site and predetermined 
seismic risk, the average value of the PGA's is chosen as the target PGA. The average value 
of the selected accelerograms is found to be 0.960g and this is rounded up to I. Og for 
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convenience. With the target PGA of 1.0g, the scale factors for each accelerogram is given in 
column 7 of Table 5.2. 
Table 5.1 Start and end times and bracketed durations of the selected accelerograms in 
seconds 
Longitudinal Transverse Up-down 
Earthquake 
start end duration start end duration start end duration 
Cape 
Mendocino. 0 10 
10 0 10 10 0 10 10 
Chi-chi 5.565 23.165 17.6 3.78 23.05 19.27 5 22 17 
Coaling 0 11 11 0 12 12 0 11 11 
Gazli 1.5 13.5 12 1 13 12 0 13.5 13.5 
Imperial 
Valley 2 15 
13 1.5 14.5 13 0 10 10 
Kobe 2.5 18 15.5 2.5 15.5 13 0 11 11 
Landers 2 32 30 2 32 30 1.5 30 28.5 
Loma 
Prieta 5.5 23 
17.5 4 21 17 4 18- 14 
Nahanni 1 15 14 1 15 14 0 11 11 
Northridge 0.6 25.6 25 0.5 28.5 28 0.5 16.5 16 
San 
Fernando 
0.5 13.5 13 0.65 13.65 13 0 13 13 
Tabas 4 31.5 27.5 2.5 30.5 28 2.5 28.5 26 
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b) Response spectrum for the bracketed and scaled longitudinal accelerogram of Coaling 
Fig 5.1 Effects of bracketing and scaling of an accelerogram on the response spectra 
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It is worth noting that in linear response spectra of the accelerograms, the scaling of the 
accelerograms makes the corresponding spectra to be scaled by the same factor. In other 
words, scaling produces no change in the overall shape of a spectrum, but scales the response 
accelerations. For instance, for the original longitudinal accelerogram of the Coaling 
earthquake, the response acceleration is 2.03685g for the period of 0.5 seconds. After 
bracketing, the response acceleration is still 2.03685g, while after scaling the response 
acceleration becomes 2.352446g for that period. It can therefore be seen that the rate of the 
increase of the response spectrum is exactly the same as the scale factor used for the 
accelerogram. This increase rate is: 
2.352446g/2.03685g= I- 155 
which is the same as shown in Table 5.2 for the scale factor. 
5.2.2 Calculation Of Nodal Equivalent Static Forces Of Earthquakes 
One of the major aims of this work is to establish the equivalent static loading for earthquakes 
on barrel vaults. It is assumed that using static equivalent loads will ease significantly the 
process of analysis and design of a barrel vault against earthquakes. To establish a set of 
equivalent static loads for an earthquake, the selected accelerograms are applied at the bases 
of the barrel vaults. This makes the joints of a barrel vault to displace and accelerate. The 
products of the displacements of the joints by their corresponding stiffnesses constitute the 
elastic part of the induced action. The products of the masses at the joints by their induced 
accelerations constitute the inertial part of the external excitation. The combination of these 
two effects with the dissipated part of the input energy (damping effects) equals the total 
external effects. This may be represented by the equation: 
mii + cii + ku = Pff 5.1 
This is the equation of motion as discussed in Chapter 2. In the case of an earthquake, the 
total effective force can be represented at the base of the structure as: 
P, ff = -ma 9 
(t) 5.2 
where iig (t) is the ground acceleration time history. The combination of the applied forces at 
all joints at every time step is equal to the base shear of a barrel vault in the same time step. 
Although the total induced base shears by an earthquake can be calculated directly. However, 
obtaining the induced forces at the joints of a structure is not directly possible. It is a common 
practice to estimate these equivalent forces indirectly. In doing so, the equivalent forces are 
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Table 5.2 Selected earthquakes particulars 
No Earthquake Selected Time PGA Bracketed Scale 
component increment (g) accelerogram 
factor 
(sec) duration 
(sec) 
I Cape Mendocino, L -0.02 1.497 10 0.668 
USA, 1992 
2 Chi-Chi, Taiwan, 1999 T 0.005 0.968 19.27 1.033 
3 Coaling, USA, 1983 L 0.005 0.866 11 1.155 
4 Gazli, USSR, 1976 T 0.005 0.718 12 1.393 
5 Imperial Valley, USA, T 0.005 0.439 13 2.278 
1979 
6 Kobe, JAPAN, 1995 L 0.01 0.693 15.5 1.443 
7 Landers, USA, 1992 L 0.005 0.785 30 1.274 
8 Loma Prieta, T 0.005 0.605 17 1.653 
USA, 1989 
9 Nahanni, CANADA, T 0.005 1.096 14 0.912 
1985 
10 Northridge, USA, L 0.02 1.779 25 0.562 
1994 
11 San Fernando, USA, L 0.01 1.226 13 0.816 
1971 
12 Tabas, IRAN, 1978 T 0.02 0.852 28 1.174 
Average 0.960 17.31 1.042 
Note: U= Up-down component, L-- Longitudinal component and T= Transverse component. 
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obtained by multiplying the masses at the joints by their induced accelerations. However, as it 
is mentioned before, this only involves the inertial part of the forces and does not represent 
the total external excitations effects. To obtain the equivalent nodal forces, the response 
accelerations of the nodes, obtained from the output of the analysis package (LUSAS), are 
multiplied by the masses at the corresponding joints. This results in a set of virtual nodal 
forces that can be assumed as equivalent to the earthquake direct action. In this approach, the 
relative accelerations of the nodes are used for the calculation of the nodal forces. Because, 
only the relative part of the accelerations induced in a stable structure creates internal forces 
and relative displacements. So, the input accelerations at the base of the structure are deducted 
ftom the absolute accelerations at the nodes in the corresponding time step. Also, in this 
approach, the maximum response out of the response time history is further processed. Since, 
the maximum response accelerations of the nodes do not occur at the same time step, to 
consider the overall maximum response of the structure, the maximum base shear is taken as 
the measure for determining the maximum response time step. 
The main aim of the above method is to calculate the amounts and distribution pattern of the 
equivalent earthquake forces. The earthquake loadings are assessed on the basis of the heights 
of the nodes. So, the forces at the nodes that occur at a particular level are summed up and the 
resulting force is assigned to the related level. The levels of the barrel vaults and their relative 
heights are shown in Figs 5.2 to 5.4 for the barrel vaults with rise to span ratios of 0.15,0.30 
and 0.45, respectively. 
The masses at the nodes are determined through concentrating the masses of halves of the 
connecting elements to each node. For this purpose, the halves of the lengths of the 
connecting elements at each node are multiplied by their cross-sectional areas to give the total 
elements' volumes. The volumes of the elements connected to a node are added together and 
multiplied by the mass density of the material, as discussed in Section 4.3.3, to obtain the 
mass at each node. 
The other step to be taken before starting the analysis of the barrel vaults, is determining the 
damping and its parameters for the structure. There is no conclusive research on the damping 
properties of space structures. In practice, it is common to assume a 2% damping ratio for 
space structures [Kato et al 1997 .... ]. In the current work, the damping ratio is assumed to be 
2% for barrel vaults, as well. This damping ratio should be defined for the analysis package, 
LUSAS, which like most other packages accepts the damping in the format of Rayleigh's 
damping parameters. As discussed in Section 2.6, the damping matrix of a structure can be 
represented as [Chopra 2001 
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C=aM +bK 5.3 
Where c, m and k are the damping, mass and stiffness matrices. Also, a and b are parameters 
depending on the damping ratio ý and the natural frequencies of the structure. 
The damping parameters a and b can be written as: 
. 
4; r x 5.4 (T. + T, ) 
b=- TxT, xj- 
1 
(T, x T, )x a 5.5 
z(T, + T, 
110 
HT 3 
1 
a) Nodes and levels of the barrel vault with rise to span ratios of 0.15 
Levels h/HT 
10- -1.0 9- . 96 
8- ----0.84 
7- -0.74 6- . 66 5- -0.64 
4- 10 . 52 3- 0-0.37 
2- 11 . 29 
1 -----0.03 
0 
b) Levels and corresponding relative heights for the equivalent forces on the barrel vaults 
with rise to span ratio of 0.15 (not to scale). 
Fig 5.2 Levels and relative heights of the barrel vaults with rise to span ratio of 0.15 
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where ý is the damping ratio of the structure, T, - and T, are the periods of the r 
th 
and s 
th 
modes 
of the structure. The damping parameters a and b are not fixed numbers and vary depending 
on the periods of the selected modes. Normally, the r and s are chosen so that the most 
effective modes of the structure are included in the range between them. However, Eqs 5.4 
and 5.5 only provide the selected damping ratios for the r 
th 
and s 
th 
modes and the damping 
ratio for other modes will be slightly different. The damping ratio ý for the modes between 
this range will be lower and for the modes outside this range will be larger than the selected 
damping ratio. On the other hand, for the modes outside this range the damping ptio becomes 
10 
6 
1 
0 
a) Nodes and levels of the barrel vault with rise to span ratios of 0.30 
Levels h/HT 
10- - 1.0 9- -0.95 
8- 
1 
-0.85 7 -0.80 6- -0.75 
5- -8: 57 4-$- 56 
3 0.32 
2 0.25 
0 77 , 7, 
1-1--0.13 
b) Levels and corresponding relative heights for the equivalent forces on the barrel vaults 
vAth rise to span ratio of 0.30 (not to scale). 
I HT 
Fig 5.3 Levels and relative heights of the barrel vaults with rise to span ratio of 0.30 
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larger. So, in practice r is normally chosen as the first mode and s is chosen as a mode that 
most of the contributions of the modes up to that mode is taken part. In this work, the mode r 
is chosen as the first mode and an appropriate mode is chosen for mode s, see Table 5.3. 
The s 
th 
mode is chosen so that: 
0 the total participation factor is at least about 50 percent up to that mode, and 
the mode itself has at least 5% contribution. 
a) Nodes and levels of the barrel vault with rise to span ratios of 0.45 
Levels h/HT 
1.0 
-0.94 
8- -0.89 
7- -0.78 6 -0.77 
5- ý -0.58 4- -0.51 
3- ý -0.31 
2- -0-19 
0 
1- -0.17 
b) Levels and corresponding relative heights for the equivalent forces on the barrel vaults 
with rise to span ratio of 0.45 (not to scale). 
Fig 5.4 Levels and relative heights of the barrel vault with rise to span ratio of 0.45 
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For instance, for the barrel vault with rise to span ratio of 0.30 and support conditions B, the 
mass participation factor for mode 63 is 5.6% and total mass participation factor up to that 
mode is 62.3% while the mass participation factor up to 100 mode is 71.8%. 
Table 5.3 Rayleigh's damping parameters for the barrel vaults (Periods are in seconds) 
lus 
Mode r Mode s b 
Tj S 
I 
TS 
a (X 104) 
Support conditions A 
0.00 0.231 26 0.03 0.963 1.69 
0.15 0.155 31 0.036 1.316 1.86 
0.30 0.186 57 0.0365 1.130 1.94 
0.45 0.181 53 0.0456 1.109 2.30 
Support conditions B 
0.00 0.218 27 0.028 1.022 1.58 
0.15 0.151 31 0.035 1.351 1.81 
0.30 0.175 63 0.033 1.208 1.77 
0.45 0.177 54 0.043 1.142 2.20 
5.2.3 Results Of The Dynamic Analysis 
The linear dynamic analyses are carried out for the entire barrel vaults, using the scaled 
horizontal accelerograms of 12 earthquakes. The results of these analyses are shown for some 
critical elements of. 
9 the barrel vault with rise to span ratio of 0.15 and support conditions A in Table 
5.4, and for 
9 the barrel vault with rise to span ratio of 0.45 and support conditions B in Table 
5.5. 
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In these tables, the internal forces for some of the critical elements during the earthquakes are 
presented. To find out whether these forces pass the linear limit of the compressive capacity 
of the corresponding element, another set of tables are provided. The ultimate compressive 
strengths of the elements are calculated using Eq 3.19 except that the safety factor 1.7 is not 
applied. Table 5.6 shows the allowable compressive strengths and the ultimate compressive 
strengths of the selected elements of the barrel vaults. Tables 5.7 to 5.12 show the critical 
elements of each of the barrel vaults, together with their allowable compressive strengths. 
These tables also contain the internal forces of the critical elements resulted from the static 
analyses for the barrel vaults for dead load only. Subtracting the internal forces induced by the 
dead load from the allowable and ultimate compressive strengths of the elements, the safety 
margins for the capacities of the elements are shown in columns 6 and 7 of the tables, as well. 
Also, the results of the dynamic analysis for one of the accelerograms, as an example, are 
presented in the last column of these tables. As mentioned earlier, the selected accelerograms 
are scaled to 1.0g, which is the average of the peak ground accelerations of the selected 
accelerograms. 
Comparison of the internal forces for some of the critical elements of the barrel vaults with 
the safety margins of the ultimate strengths, shows that, for all the barrel vaults there are some 
elements that, the combination of the dead load and earthquake loading induce internal forces 
that exceed the ultimate compressive strengths of the elements. So, the buckling of some of 
the elements is to be expected. 
For the barrel vault with rise to span ratio'of 0.15 and support conditions A( Table 5.7) none 
of the elements buckles under the action of the scaled accelerograms of the selected 
earthquakes. 
For the barrel vaults with rise to span ratio of 0.30 and support conditions A, see Table 5.8, 
some critical elements buckle in the case of the Coaling and Tabas accelerograms. Again, it 
can be expected that the Coaling accelerogram, for instance, with PGA= 0.92g may cause the 
element 259 to buckle. 
For the barrel vault with rise to span ratio of 0.45 and support conditions A, see Table 5.9, 
buckling of member 258 occurs by the accelerogram. of the Coaling with PGA=0.71g (the 
actual PGA for the Coaling horizontal accelerogram is 0.86g). 
More elements of the barrel vault with rise to span ratio of 0.15 and support conditions B, see 
Table 5.10, undergo buckling by the Tabas accelerogram. Even some elements such as 139 
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buckle by the accelerogram of the Tabas. with PGA=0.92g (the actual PGA for the horizontal 
accelerogram of Tabas is 0.85g). 
The accelerograms of Chi-Chi, Imperial Valley, Northridge and Tabas make some elements 
of the barrel vault with rise to span ratio of 0.30 and support conditions B to buckle. It is also 
expected that by the Imperial Valley accelerogram, see Table 5.11, having the PGA=0.75g 
some of the elements such as 234 buckle (the actual PGA for the Imperial Valley horizontal 
accelerogram is 0.44g). 
The Chi-Chi, Coaling, Gazli, Imperial Valley, Kobe, Loma Prieta, Northridge, San Fernando 
and Tabas accelerograrns make some of the elements of the barrel vault with rise to span ratio 
of 0.45 and support conditions B to buckle. In this case, even the accelerogram of Kobe with 
PGA=0.44g makes element 45 to buckle, see Table 5.12 (the actual PGA for the horizontal 
accelerogram. of the Kobe earthquake is 0.69g). 
The above-mentioned results show that with different accelerograms having PGA=I. Og or 
even as low as 0.44g may cause buckling of some of the elements in the barrel vaults. Since 
actual peak ground accelerations as I. Og or more are not unexpected, see Table 5.2, therefore, 
consideration of the horizontal earthquake effects in the design of the barrel vaults is 
necessary. 
Therefore, consideration of the earthquake loading will provide a rational design procedure 
that will consider all possible critical situations in the barrel vaults. 
As discussed in Section 5.2.2, one of the aims of the dynamic analysis of the barrel vaults is 
to calculate the equivalent lateral nodal forces for the selected earthquakes. The equivalent 
nodal forces and shears for the maximum response of the barrel vaults for each earthquake are 
shown in Figs 5.5 to 5.16. These figures illustrate the inertial part of the earthquakes effects 
on the barrel vaults. The figures show the effects of the selected earthquakes for each barrel 
vault. Although, the imposed peak ground accelerations for the earthquakes are scaled to be 
the same, however, the forces, Figs 5.6 to 5.11, and shears, Figs 5.12 to 5.16, show major 
differences in the responses of the every individual barrel vault. The differences refer to the 
other characteristics of the accelerograms, as discussed in Sections 4.4.4 and 4.4.5. 
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Table 5.6 Allowable compressive and ultimate compressive strengths of the elements of the 
barrel vaults (With slcndemess ratio= 100) 
Cross-section 
Type 
Cross-sectional 
area 
(MM2) 
Allowable compressive 
strength 
(kN) 
Ultimate 
compressive strength 
(kN) 
1 610 50 85 
2 732 60 102 
3 793 65 110.5 
4 854 70 119 
5 915 75 127.5 
6 976 80 136 
7 1037 85 144.5 
8 1098 90 153 
9 1159 95 161.5 
10 1220 100 170 
11 1280 105 178.5 
12 1341 110 187 
13 1402 115 195.5 
14 1463 120 204 
15 1524 125 212.5 
16 1585 130 221 
17 1646 135 229.5 
18 1707 140 238 
19 1768 145 246.5 
20 1829 150 255 
21 1890 155 263.5 
22 1951 160 272 
23 2012 165 280.5 
24 2073 170 289 
25 2134 175 297.5 
26 2195 180 306 
27 305 25 42.5 
28 366 30 51 
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Table 5.7 Internal forces of the critical members for the barrel vault with rise to span ratio of 
0.15 and support conditions A (strength in kN) 
Element 
ID 
Cross- 
section 
type 
P. P,, FDL AP, Ap" FTabas 
195 8 90 153 23.2 66.8 129.8 64 
213 17 135 229.5 34.4 100.6 195.1 37 
214 9 95 161.5 23.2 71.8 138.1 78 
215 5 75 127.5 13 62 114.5 88 
232 18 140 238 33.5 106.5 204.5 43 
233 10 100 170 22.4 77.7 147.6 88 
234 5 75 127.5 12.4 62.6 115.1 97 
Legend: 
P. = allowable compressive strength of element in kN, 
P. = ultimate compressive strength of element in kN, 
FDL ý-- internal force of element under dead load in kN, 
AP,, = P. - FDL = reserve of allowable strength in excess of that required for the dead load in 
kN, 
APu = P,, - FDL = reserve of ultimate strength in excess of that required for the dead load kN 
and 
FTabas = internal force of element under horizontal accelerogram of Tabas earthquake in kN. 
Note The internal forces of the elements that undergo buckling during the earthquake are 
shown in larger font. 
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Table 5.8 Internal forces of the critical members for the barrel vault with rise to span ratio of 
0.30 and support conditions A (strength in kN) 
Element 
ID 
Cross- 
section 
type 
Pa P., FDL AP, Ap" FCoaling 
258 1 50 85 2.9 47.1 82.1 107.3 
259 1 50 85 6.4 43.6 78.6 106.0 
293 1 50 85 1.8 48.2 83.2 95.0 
297 1 50 85 0.2 49.8 84.8 99.1 
298 1 50 85 0.2 49.8 84.8 104.2 
299 1 50 85 2.5 47.5 82.5 108.4 
300 1 50 85 1.4 
1 
48.6 
1 
83.6 93.8 
339 1 50 85 1.0 49.0 
1 
84 102.9 
Legend: 
P, = allowable compressive strength of element in kN, 
P,, = ultimate compressive strength of element in kN, 
FDL = internal force of element under dead load in kN, 
AP, = P, - FDL = reserve of allowable strength in excess of that required for the dead load in 
kN, 
AP. = R, - FDL = reserve of ultimate strength in excess of that required for the dead load kN 
and 
Fc,,, aing = internal force of element under horizontal accelerogram of Coaling earthquake in 
kN. 
Note The internal forces of the elements that undergo buckling during the earthquake are 
shown in larger font. 
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Table 5.9 Internal forces of the critical members for the barrel vault with rise to span ratio of 
0.45 and support conditions A (strength in kN) 
Element 
ID 
Cross- 
Section 
type 
P, P. FDL AP, Ap" FCoaling 
254 1 50 85 5.4 45.6 79.6 119.5 
255 5 75 127.5 13.6 61.4 113.9 123.8 
258 1 50 85 0.8 49.2 84.2 143.5 
259 1 50 85 8.0 42 77 134.3 
293 1 50 85 5.7 44.3 79.3 120.5 
297 1 50 85 1.5 48.5 83.5 131.3 
298 1 50 85 1.9 48.1 83.1 130.1 
299 1 50 85 3.8 
1 
46.2 81.2 137.1 
300 1 50 85 2.3 
1 
47.7 82.7 126.3 
Legend: 
P. = allowable compressive strength of element in kN, 
P,, = ultimate compressive strength of element in kN, 
FDL ý-- internal force of elements under dead load in kN, 
AP. = P. - FDL = reserve of allowable strength in excess of that required for the dead load in 
kN, 
AP. = P. - FDL = reserve of ultimate strength in excess of that required for the dead load kN 
and 
Fc .. ai,, g = internal force of element under horizontal accelerogram of 
Coaling earthquake in 
kN. 
Note The internal forces of the elements that undergo buckling during the earthquake are 
shown in larger font. 
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Table 5.10 Interrial forces of the critical members for the barrel vault with rise to span ratio of 
0.15 and support conditions B (strength in kN) 
Element 
ID 
Cross- 
section 
type 
P. P. FDL AP, Ap" FTabas 
138 13 115 195.5 22.1 92.9 173.4 127.6 
139 5 75 127.5 12.1 62.9 115.4 125.7 
158 5 75 127.5 11.5 63.5 116 119 
176 13 115 195.5 21.9 93.1 173.6 124.6 
177 6 80 136 12.3 67.7 123.7 126 
195 13 115 195.5 21.9 93.1 173.6 124.4 
196 6 80 136 12.3 67.7 123.7 126.9 
215 5 75 127.5 11.7 63.3 115.8 122.7 
233 13 115 195.5 21.2 93.1 174.3 127.6 
Legend: 
P, = allowable compressive strength of element in kN, 
P,, = ultimate compressive strength of element in kN, 
FDL = internal force of elements under dead load in kN, 
AP. = P,, - FDL = reserve of allowable strength in excess of that required 
for the dead load in 
kN, 
AP. = P. - FDL = reserve of ultimate strength in excess of that required for the dead load 
kN 
and 
FT,, b. = internal force of element under horizontal accelerogram of Tabas earthquake in kN. 
Note The internal forces of the elements that undergo buckling during the earthquake are 
shown in larger font. 
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Table 5.11 Internal forces of the critical members for the barrel vault with rise to span ratio of 
0.30 and support conditions B (strength in kN) 
Element 
ID 
Cross- 
section 
type 
P. P,, FDL AP, Ap" Fimperial 
138 11 105 178.5 23.3 81.7 155.2 136.7 
139 3 65 110.5 11.3 53.7 99.2 130.7 
176 10 100 170 22.3 76.7 147.7 119.2 
177 2 60 102 11.1 48.9 90.9 120 
195 9 95 161.5 21.5 73.5 140 116.4 
196 2 60 102 10.8 42.8 91.2 119.4 
214 10 100 170 22.2 77.8 147.8 122.2 
215 3 65 110.5 11.3 
1 
53.7 
1 
99.2 124.8 
234 3 65 110.5 11.0 54.0 
1 
99.5 133.1 
Legend: 
P,, = allowable compressive strength of element in kN, 
P,, = ultimate compressive strength of element in kN, 
FDL ": internal force of elements under dead load in kN, 
AP,, = P,, - FDL = reserve of allowable strength in excess of that required for the dead load in 
kN, 
AP,, = P,, - FDL = reserve of ultimate strength in excess of that required for the dead load kN 
and 
Fl. p,, i, j = internal force of element under horizontal accelerograrn of Imperial Valley 
earthquake in kN. 
Note The internal forces of the elements that undergo buckling during the earthquake are 
shown in larger font. 
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Table 5.12 Internal forces of the critical members for the barrel vault with rise to span ratio of 
0.45 and support conditions B (strength in kN) 
Element 
ID 
Cross- 
section 
type 
P. P, FDL AP, Ap" FKobe 
45' 1 50 85 7.6 42.4 77.4 218 
66 1 50 85 7.6 42.4 77.4 220 
87 1 50 85 7.6 42.4 77.4 217 
108 1 50 85 7.6 42.4 77.4 208 
138 18 140 238 29.5 110 208.5 234 
139 6 80 136 13 67 123 226 
233 18 140 238 29 111 209 229 
234 7 85 144.5 13 56 131.5 236 
Legend: 
Pý, = allowable compressive strength of element in kN, 
P,, = ultimate compressive strength of element in kN, 
FDL " internal force of elements under dead load in kN, 
AP. = P. - FDL = reserve of allowable strength in excess of that required for the dead load in 
kN, 
AP., = P,, - FDL = reserve of ultimate strength in excess of that required for the dead load kN 
and 
FK,, b, = internal force of element under horizontal accelerogram of Kobe earthquake in kN. 
Note The internal forces of the elements that undergo buckling during the earthquake are 
shown in larger font. 
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One of the major characteristics of an accelerogram. is its effect on a specific period of a 
structure, or simply, the position of a period in the response spectrum of an accelerogram. As 
one may see from Fig 4.35b, the response spectrum of the Chi-Chi accelerogram has a trough 
in the range of the firsumodes of the barrel vaults. For instance, the response accelerations for 
the first modes of the barrel vaults are between 1.01g and 1.32g, which are quite low 
responses (see Table 5.13). As a result, as Figs 5.6 to 5.9 show, the forces induced by Chi- 
Chi's accelerogram are among the lowest ones for most of the barrel vaults. On the other 
hand, the response spectrum of the horizontal accelerogram of Tabas for the first modes of the 
barrel vaults is near the top range of the spectrum. The response accelerations of the scaled 
accelerogram of Tabas are between 4.37g and 5.19g (see Table 5.13). Thus, for the entire 
group of the barrel vaults, the forces induced by the Tabas accelerogram are among the 
highest ones. The same situation prevails for the scaled horizontal accelerogram. of the 
Coaling earthquake. The response accelerations for this accelerogram, see Table 5.13, are 
between 2.26g and 5.66g, which are again in the top range of the responses. Therefore, the 
resulting forces and shears are among the highest ones for most of the barrel vaults, Figs 5.5 
to 5.16. 
The results of the dynamic analysis confirm the significance of another characteristic of an 
accelerogram, that is, the duration. For example, it is interesting to compare the effects of two 
earthquakes with different durations, such as the Loma Prieta accelerogram, whose 6acketed 
duration is 17 seconds, and the Northridge accelerograrn with duration of 25 seconds. The 
response acceleration for the Loma Prieta accelerogram is 2.56g for the barrel vault with the 
rise to span ratio of 0.45 and support condition B. While, the response acceleration for the 
Northridge accelerogram is 2.88g for the same barrel vault. So it can be seen that the longer 
the duration, the larger is the effects of an accelerogram. 
Also, the results of the dynamic analysis show the effects of the other modes on the responses 
of the barrel vaults. For instance, the response accelerations of both the Coaling and Tabas 
accelerograms are 4.63g for the first mode of the barrel vault with rise to span ratio of 0.30 
and support conditions B. However, as Figs 5.9 and 5.15 show, the resulting forces and base 
shears are not equal. The reason for this is the effect of the higher modes, which have their 
effects on the final response of the structure. 
5.4.2 Equivalent Horizontal Forces and Shears 
To establish the patterns of distribution of the horizontal equivalent forces and shears for 
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earthquakes, the calculated equivalent forces (or inertial forces) and shears (or inertial shears) 
at the levels shown in Figs 5.2 to 5.4 are normalised. The calculated shears at the various 
levels of the barrel vaults are normalised with respect to the corresponding calculated base 
shears. 
Table 5.13 Response acceleration for some of the scaled horizontal accelerograms of the 
selected earthquakes for the barrel vaults 
Chi-Chi Coaling Gazli Kobe Loma P. Northridge Tabas 
0.15A 1.12g 2.54g 2.86g 1.66g 1.64g 1.96g 4.37g 
0.30A 1.32g 2.26g 2.20g 1.98g 2.28g 2.75g 5.18g 
0.45A 1. l9g 5.66g 2.26g 1.73g 2.56g 2.88g 5.19g 
0.15B I. Olg 2.54g 2.16g I. Sog 1.72g 2.20g 5.01g 
0.30B Llog 4.63g 2.88g 1.91g 2.53g 2.74g 4.63g 
0.45B 1. gI 4.85g I 2.72g 1.85g 2.58g 2.79g 4.81g 
Figs 5.17 to 5.22 show the normalised shears of the selected accelerograms for the barrel 
vaults. In these figures the mean and mean±a curves are also presented. The nature and 
relevance of these statistical terms are explained in Appendix C. In Fig 5.23 the mean value 
curves of the barrel vaults are combined. Also, for the purpose of obtaining a more general 
curve for the barrel vaults, the mean curve of the mean normalised shears of the barrel vaults 
is shown. A multi-linear curve, shown in dashed line, is suggested for the normalised shear in 
different levels of the barrel vaults. The suggested curve may be defined as follows: 
For 
h' 
ý- 0.3 =: > 
ýi- 
= 1.0 5.6 H Vb 
For 0.3: 5 
h'<0.8 L, 
=1.27-0.9 5.7 H Vb 
(H) 
For 0.8: 5 -L' < 1.0 => 2.25 - 2.125 5.8 HH Vb 
(1) 
The calculated equivalent forces of Figs 5.5 to 5.10 are normalised with respect to the 
corresponding calculated base shear. The actual base shear Vb is not equal to sum of the 
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equivalent forces 2Ti, that is, the inertial part of the base shear, so to obtain the pattern for the 
lateral loads, the calculated equivalent forces, Fj are scaled with respect to 2Ti. The resulting 
normalised equivalent forces are presented in Figs 5.24 to 5.29, separately for each barrel 
vault. For every individual barrel vault, there are 12 normalised curves corresponding to 12 
accelerograms. The mean curve and mean±a curves are also presented in these figures. The 
mean curves for the entire group of the barrel vaults are presented together in Fig 5.30. To 
generalise the resulting equivalent lateral forces for all barrel vaults, a second mean curve for 
the existing mean curves is drawn. A curve, shown in dashed line, is suggested for the 
equivalent lateral forces in different levels of barrel vaults. The curve is defined as follows: 
For I<0.3 => -L' =0.27 
h' 
+0.2 5.9 H Vb 
(H 
h F, 
For a3: 5 ' <0.96 => -= 0.135 5.10 H Vb 
For 0.96 --ý 
h 
'. < 1.0 =: > 
F, 
= 1.875 1.032-L' 5.11 H Vil H) 
Since the results discussed in this work are for limited earthquakes and limited numbers of 
barrel vaults, so to establish more generalised results for the barrel vaults and earthquakes, 
mean and mean±(: r values are used throughout Chapters 5 and 6. 
Another relation that is worth considering is the relationship between the weight of a barrel 
vault and the lateral base shear induced during an earthquake. The base shears for the barrel 
vaults are listed in Tables 5.14b to 5.19b. In these tables two types of base shears are given in 
the second and third columns. The base shear in the second column is the actual base shear, 
which is calculated by the analysis package LUSAS at the base of a barrel vault. The base 
shear in the third column is the inertial base shear, which is the summation of the equivalent 
lateral forces at different levels of a barrel vault. To obtain a relation between the weight of a 
barrel vault and the base shear produced during an earthquake, the actual base shear is 
utilised. The probable relationship between the actual base shear and the weight of a barrel 
vault can be assumed to be as follows: 
V, = CH, x IV, 5.12 
Where Vb is the actual base shear, CHO is the earthquake-] oading coefficient and W, is the total 
weight of the barrel vault. For the selected barrel vaults and earthquakes, the tenns Vb and W, 
are known. Therefore, the earthquake-loading coefficient can be easily calculated from: 
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CH, = 
Vb 
5.13 
W, 
Of course, in the design stage- of a barrel vault, Vb is not known. Therefore, the earthquake- 
loading coefficient CHO should be determined in advance. To obtain this coefficient, in the 
present work, the response acceleration of the first mode of the barrel vault is used, that is: 
CH, =ax [SA (T, ) / 5.14 
Where a is a coefficient, SA(TI) is the response -acceleration of an earthquake for the first 
mode of a barrel vault whose natural period of the first mode is T, and g is the gravity 
acceleration. SA(TI) can be obtained by using the response spectra of the selected earthquakes 
by applying the period of the first mode of the barrel vault. Since the corresponding CHO for 
every SA(TI) is calculated from Eq 5.14, then, a can be found readily as: 
CH, 
S SA I)lg3 A 
(T 
5.15 
This implies that, for every single barrel vault, 12 values for a can be found corresponding to 
12 accelerograms. These coefficients are shown in Fig 5.31 for barrel vaults with support 
conditions A and Fig 5.32 for barrel vaults with support conditions B. Also, in these figures 
the mean and mean-+cr values are shown. For design purposes, a single quantity that is 
relatively conservative is chosen for each of the support conditions. Thus: 
For support conditions A => (x=7.5 
For support conditions B (x=8.5 
So, to find the base shear for a barrel vault for an earthquake, the necessary equations are: 
For support conditions A 
V, =75x[SA(T, )IglxlV, 5.16 
For support conditions B 
Vb =8.5x[SA(T, )Ig]xW, 5.17 
It is worth noting that Eqs 5.16 and 5.17 should be modified before being used for assessing 
the earthquake effects on the barrel vaults. The necessary modifications can be stated as 
follows: 
1. Equations 5.16 and 5.17 are established using accelerograms whose PGAs are 1.0g. 
However, it is not necessary for every single barrel vault to withstand such a strong 
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ground motion. In fact, a target peak ground acceleration, or as sometimes called 
design earthquake, that a barrel vault should withstand depends on the geoseismic 
properties of the site and the expected lifelong of the barrel vault. Therefore, a site risk 
coefficient that reflects the particulars of the design earthquake for the site could be 
applied to these equations. 
2. Equations 5.16 and 5.17 are established considering only the linear behaviour of the 
barrel vaults. So, according to the accepted damage level and. serviceability 
considerations of the barrel vaults, another coefficient should be applied to these 
equations. This coefficient, that can be named 'behaviour factor', will account for the 
post-buckling of the elements and the overall nonlinear behaviour of the barrel vaults. 
This matter will be dealt with in more details in Chapter 6. 
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Table 5.14 Barrel vault with rise to span ratio of 0.15 and support conditions A 
a) Time and imposed base acceleration corresponding to the maximum base shear 
Earthquake Time 
(sec) Time-step 
Actual 
Base Acc. 
(g) 
Factor 
Factorised 
Base Acc. 
(m/sec2) 
Cape M. 3.02 151 1.287551 6.55 8.433459 
Chi-Chi 12.61 2522 0.9579448 10.13 9.70398 
Coaling 3.585 717 0.7411705 11.33 8.39746 
Gazli 5.99 1198 0.4137232 13.67 5.655596 
Imperial V 3.815 763 0.2755636 22.35 6.15885 
Kobe 3.53 353 -0.6359669 14.16 -9.00529 
Landers 12.855 2571 -0.7802758 12.50 -9.75345 
Loma P. 6.345 1269 0.6052924 16.22 9.81784 
Nahanni 7.965 1593 -0.8813529 8.95 -7.88811 
Northridge 7.34 367 -1.43967 5.51 -7.93258 
San F. 8.01 801 -0.7747717 8.00 -6.19817 
Tabas 11.0 550 -0.5736118 11.52 -6.608008 
b) Maximum actual base shear and inertial part of the base shear in N 
Earthquake Actual Base Shear Inertial Base Shear 
Cape M. 303980 43806 
Chi-Chi 288040 9315 
Coaling 353804 84657 
Gazli 447210 237732 
Imperial V 388450 112832 
Kobe -292315 -3197 
Landers -457888 -136620 
Loma P. 301902 -11272 
Nahanni -309712 -46668 
Northridge -338797 -76609 
San F. -360688 -158170 
Tabas -429880 -174171 
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Table 5.15 Barrel vault with rise to span ratio of 0.30 and support conditions A 
a) Time and imposed base acceleration corresponding to the maximum base shear 
Earthquake Time 
(sec) Time-step 
Actual 
Base Acc. 
(g) 
Factor 
Factorised 
Base Acc. 
(m/seC2) 
Cape M. 3.02 151 1.287551 6.55 8.4373 
Chi-Chi . 12.62 2524 0.9201708 10.13 9.3250 
Coaling 3.62 724 0.5714898 11.33 6.47555 
Gazli 8.525 1705 0.4316847 13.67 5.89897 
briperial V 3.365 673 0.2611015 22.35 5.834835 
Kobe 3.99 399 -0.445664 14.16 -6.30882 
Landers 12.255 2451 -0.2984556 12.50 -3.730695 
Loma P. 8.485 1697 -0.3307137 16.22 -5.36285 
Nahanni 8.125 1625 0.8208702 8.95 7.344324 
Northridge 7.34 367 -1.43967 5.51 -7.93258 
San F. 7.26 726 1.062859 8.00 8.50287 
Tabas 8.54 427 0.8517604 11.52 9.80972 
b) Maximum actual base shear and inertial part of the base shear in N 
Earthquake Actual Base Shear Inertial Base Shear 
Cape M. 340877 43806 
Chi-Chi 343654 9315 
Coaling 788535 84657 
Gazli 342338 237732 
Imperial V 347309 112832 
Kobe -384944 -3197 
Landers 383730 -136620 
Loma P. 324467 -11272 
Nahanni 454051 -46668 
Northridge -319417 -76609 
San F. 380717 -158170 
Tabas 814351 -174171 
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Table 5.16 Barrel vault with rise to span ratio of 0.45 and support conditions A 
a) Time and imposed base acceleration corresponding to the maximum base shear 
Earthquake Time 
(sec) Time-step 
Actual 
Base Acc. 
(g) 
Factor 
Factorised 
Base Acc. 
(m/sec2) 
Cape M. 3.02 151 1.287551 6.55 8.43732 
Chi-Chi 12.61 2522 0.9579448 10.13 9.70781 
Coaling 3.615 723 0.62121 11.33 7.03893 
Gazli 5.475 1095 -0.2302369 13.67 -3.14619 
Imperial V 4.445 889 -0.4322508 22.35 -9.65951 
Kobe 3.53 535 -0.6359669 14.16 -9.00275 
Landers 10.425 2085 0.1992347 12.50 2.490433 
Loma P. 8.485 1697 -0.3307137 16.22 -5.362853 
Nahanni 8.125 1625 0.8208702 8.95 7.344326 
Northridge 8.48 424 -0.0964282 5.51 -0.531608 
San F. 7.26 726 1.062859 8.00 8.508186 
Tabas 8.54 427 0.8517604 11.52 9.80972 
b) Maximum actual base shear and inertial part of the base shear in N 
Earthquake Actual Base Shear Inertial Base Shear 
Cape M. 347151 43806 
Chi-Chi 343937 9315 
Coaling 902946 84657 
Gazli 352088 237732 
Imperial V -314894 112832 
Kobe -390743 -3197 
Landers 390669 -136620 
Loma P. -438599 -11272 
Nahanni 491716 -46668 
Northridge 386284 -76609 
San F. 394783 -158170 
Tabas 888425 -174171 
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Table 5.17 Barrel vault with rise to span ratio of 0.15 and support conditions B 
a) Time and imposed base acceleration corresponding to the maximum base shear 
Earthquake Time 
(sec) Time-step 
Actual 
Base Acc. 
(g) 
Factor 
Factorised 
Base Acc. 
(m/seC2) 
Cape M. 3.02 151 1.287551 6.55 8.43732 
Chi-Chi 12.655 2531 0.8139314 10.13 8.24837 
Coaling 3.58 716 0.7112761 11.33 8.05947 
Gazli 5.72 1144 0.1304189 13.67 1.78217 
Imperial V 3.855 771 0.2305982 22.35 5.15300 
Kobe 3.99 399 -0.445664 14.16 -6.30886 
Landers 12.64 2528 0.3789583 12.50 4.7370 
Loma P. 6.37 1274 0.3815307 16.22 6.1869 
Nahanni 8.115 1623 0.9200778 8.95 8.2320 
Northridge 8.06 403 -1.114085 5.51 -6.1420 
San F. 6.84 684 0.8064634 8.00 6.45574 
Tabas 8.40 420 -0.6706104 11.52 -7.7234 
b) Maximum actual base shear and inertial part of the base shear in N 
Earthquake Actual Base Shear Inertial Base Shear 
Cape M. 342703 43806 
Chi-Chi 298330 9315 
Coaling 577012 84657 
Gazli 481567 237732 
Imperial V 364238 112832 
Kobe -369787 -3197 
Landers 450313 -136620 
Loma P. 424858 -11272 
Nahanni 402643 -46666 
Northridge 323109 -76609 
San F. 296173 -158170 
Tabas -658178 -174171 
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Table 5.18 Barrel vault with rise to span ratio of 0.30 and support conditions B 
a) Time and imposed base acceleration corresponding to the maximum base shear 
Earthquake Time 
(sec) Time-step 
Actual 
Base Acc. 
(g) 
Factor 
Factorised 
Base Acc. 
(m/seC2) 
Cape M. 3.20 160 0.111624 6.55 0.73147 
Chi-Chi 12.69 2538 0.6840358 10.13 6.9320 
Coaling 3.965 793 0.1974305 11.33 2.23708 
Gazli 5.28 1056 0.3480624 13.67 4.74931 
Imperial V 5.845 1169 -0.0716 22.35 -1.60004 
Kobe 2.14 214 -0.4413185 14.16 -6.2473 
Landers 12.855 2571 -0.7802758 12.50 -9.75345 
Loma P. 5.825 1165 -0.133626 16.22 -2.16688 
Nahanni 8.795 1759 0.1684727 8.95 1.507325 
Northridge 7.12 356 0.6723136 5.51 3.70646 
San F. 7.12 712 -0.3905367 8.00 -3.126246 
Tabas 9.40 470 -0.1094554 11.52 -1.26060 
b) Maximum actual base shear and inertial part of the base shear in N 
Earthquake Actual Base Shear Inertial Base Shear 
Cape M. -347612 43806 
Chi-Chi 454059 9315 
Coaling 451841 84657 
Gazli 377638 237732 
Imperial V -518498 112832 
Kobe -350244 -3197 
Landers -436255 -136620 
Loma P. -375949 -11272 
Nahanni 250918 -46668 
Northridge 511965 -76609 
San F. -424721 -158170 
Tabas -480829 -174171 
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Table 5.19 Barrel vault with rise to span ratio of 0.45 and support conditions B 
a) Time and imposed base acceleration corresponding to the maximum base shear 
Earthquake Time 
(sec) Time-step 
Actual 
Base Acc. 
(g) 
Factor 
Factorised 
Base Acc. 
(m/seC2) 
Cape M. 3.34 167 -0.1783191 6.55 -1.168525 
Chi-Chi 12.765 2553 0.5527182 10.13 5.60125 
Coaling 3.89 778 0.1122095 11.33 1.27145 
Gazli 9.10 1820 0.4925839 13.67 6.72131 
Imperial V 6.695 1339 0.1203782 22.35 2.690092 
Kobe 4.12 412 0.2006605 14.16 2.84055 
Landers 13.15 2630 -0.2029505 12.50 2.53688 
Loma P. 5.825 1165 -0.133626 16.22 -2.16688 
Nahanni 5.225 1045 0.09090 8.95 0.8132282 
Northridge 7.44 372 0.4243969 5.51 2.3397 
San F. 7.90 790 0.5752253 8.00 4.60467853 
Tabas 8.48 424 -0.3264551 11.52 3.759783 
b) Maximum actual base shear and inertial part of the base shear in N 
Earthquake Actual Base Shear Inertial Base Shear 
Cape M. -234399 43806 
Chi-Chi 487340 9315 
Coaling -430527 84657 
Gazli 444126 237732 
Imperial V 385786 112832 
Kobe -576184 -3197 
Landers -203553 -136620 
Loma P. -490235 -11272 
Nahanni 175503 -46668 
Northridge -380398 -76609 
San F. 334388 -158170 
Tabas -530682 -174171 
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CHAPTER SIX 
Vertical Effects 
and 
Equivalent Static Loading 
of 
Earthquakes 
6.1 INTRODUCTION 
In this chapter the vertical effects of the earthquakes on the barrel vaults are considered. Also, 
the equivalent vertical forces of the earthquakes are discussed. A set of equations is proposed 
for the pattern of distribution of the vertical equivalent forces for earthquakes on barrel vaults. 
For the calculation of the equivalent vertical forces the vertical components of the earthquakes 
are used. Then, the vertical accelerograrns are scaled to a specific PGA and their durations are 
truncated or bracketed. The barrel vaults are analysed dynamically under the action of the 
resulting accelerograms using the analysis package LUSAS. All the analyses in this chapter 
are in elastic region. 
A simple program developed in C++ language is utilised to carry out the repeated manual 
parts of the calculations for the equivalent nodal forces, see Appendix B2. This program uses 
the output files of the analysis package LUSAS as well as a couple of other files, as will be 
discussed later. The output of this program is suitable for use by the package EXCEL to draw 
the necessary charts. These charts show the patterns of distribution of the vertical forces 
induced by earthquakes. The resulting data for the distribution of the equivalent vertical 
forces for different earthquakes and barrel vaults are combined by statistical methods for the 
generalisation of the results. Finally, some formulae for the distribution of the equivalent 
forces of earthquake on the barrel vaults and the calculation of the vertical base shear are 
introduced. 
6.2 EFFECTS OF VERTICAL ACCELEROGRANIS 
The aim of this section is to show the effects of the vertical accelerograms of the selected 
earthquakes on the barrel vaults. For this purpose, the vertical accelerograms of the 
earthquakes are processed and applied to the barrel vaults with different rise to span ratios and 
support conditions. 
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6.2.1 Processing The Accelerograms 
The peak ground accelerations of the vertical components of the selected earthquakes are 
different and vary from 0.433g for the Kobe earthquake, Japan to 2.086g for the Nahanni 
earthquake, Canada, as shown in Table 6.1. As it is common in practice, to obtain comparable 
results, the accelerograrns are scaled to specified peak ground acceleration. Scaling implies 
the multiplication of the whole time history of an earthquake by a factor to obtain a specified 
PGA. Here, the specified PGA is taken as the average value of the PGA's of the vertical 
accelerograms, this is roughly 0.85g. Also, the effective duration of the accelerograms are 
chosen by bracketing the recorded ones. The bracketed duration of an accelerogram is taken 
as the time interval between the first and the last occurrences of accelerations of at least 
0.05g. Table 5.1 shows the times of occurrence of accelerations of at least 0.05g for the first 
and last time in the recorded time histories. The final bracketed durations are given in Table 
6.1 for each of the earthquakes. Table 6.1 summarises the particulars of the vertical 
components of the selected accelerograms. These particulars include the names, the time 
increments, PGA's, bracketed durations and scale factors of the selected earthquakes. 
6.2.2 Rayleigh Damping Parameters 
In the current work, the damping ratios of the barrel vaults are assumed to be 0.02. As 
discussed in Section 5.2.2 this ratio should be introduced in the format of the Rayleigh 
parameters to the analysis package LUSAS. For convenience, the damping parameters a and b 
are presented again: 
4; r 
(T, + T, 
(Same as 5.4) 6.1 
b=-T'xT' x, ý= 
1 
(TxT, )xa (Same as 5.5) 6.2 
; r(T, + T, )4 T2 
where ý is the damping ratio of the structure, T, - and T, are the periods of the rth and sth modes 
of the structure. For the purpose of assessing the vertical action of the earthquakes the modes r 
and s are chosen from the vertical effective modes. The r 
th 
mode is taken as the first vertical 
dominant mode and the s 
th 
mode is taken as a mode for which 
e the total mass participation factor up to that mode is at least 50 percent and 
* the mode itself has at least 5% contribution. 
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For example, for the barrel vault with rise to span ratio of 0.30 and support conditions B, the 
mass participation factor for mode 127 is 6% and the total mass participation factor up to that 
mode is 70.7% while the mass participation factor up to mode 100 is 58.1%. Table 6.2 shows 
Table 6.1 Particulars of the vertical components of the selected earthquakes 
No Earthquake Time 
increment 
(sec) 
PGA 
(g) 
Bracketed 
accelerogram 
duration 
(sec) 
Scale factor 
I Cape Mendocino, USA, 
1992 
0.02 0.754 10 1.128 
2 Chi-Chi, Taiwan, 1999 0.005 0.724 17 1.174 
3 Coaling, USA, 1983 0.005 0.568 11 1.496 
4 Gazli, USSR, 1976 0.005 1.264 13.5 0.672 
5 Imperial Valley, USA, 
1979 - 
0.005 1.655 10 0.514 
6 Kobe, Japan, 1995 0.01 0.433 11 1.959 
7 Landers, USA, 1992 0.005 0.818 28.5 1.039 
8 Loma Prieta, USA, 1989 0.005 0.900 14 0.955 
9 Nahanni, Canada, 1985 0.005 2.086 11 0.407 
10 Northridge, USA, 1994 0.02 1.048 16 0.811 
II San Fernando, USA, 1971 0.01 0.698 13 1.218 
12 Tabas, Iran, 1978 0.02 0.688 26 1.235 
Average 0.867 15.1 
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the selected r 
th 
and s 
th 
modes for the barrel vaults. This table contains the Rayleigh 
parameters for damping ratio of 0.02 for the barrel vaults as well. 
Table 6.2 Rayleigh's damping parameters for the barrel vaults (Periods are in seconds) 
H/S 
Mode r Mode s b 
r T, S T. 
a (X 104) 
Support conditions A 
0.00 1 0.231 82 0.02 1.001 1.172 
0.15 4 0.107 89 0.0257 1.894 1.319 
0.30 9 0.069 101 0.0264 2.634 1.216 
0.45 2 0.161 122 0.026 1.344 1.425 
Support conditions B 
0.00 1 0.218 101 0.018 1.065 1.059 
0.15 4 0.104 87 0.026 1.933 1.324 
0.30 11 0.061 127 0.022 3.028 1.029 
0.45 2 0.153 140 0.0233 1.426 1.287 
6.2.3 Results Of Dynamic Analysis 
The linear dynamic analyses are carried out for the entire barrel vaults using the scaled 
horizontal accelerograms of 12 earthquakes. The results of these analyses are shown for some 
critical elements of- 
e the barrel vault with rise to span ratio of 0.00 and support conditions A in Table 6.3 
and for 
e the barrel vault with rise to span ratio of 0.45 and support conditions B in Table 
6.4. 
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In these tables, the internal forces for some of the critical elements during the earthquakes are 
presented. To find out whether these forces exceed the linear limit of the compressive 
capacities of the corresponding elements, another set of tables are provided. Table 5.6 shows 
the allowable compressive strength and the ultimate compressive strength of the selected 
elements of the barrel vaults. Tables 6.5 to 6.12 show the critical elements of each of the 
barrel vaults, together with their allowable and ultimate compressive strengths. The linear 
limit for the ultimate compressive strengths of the elements are calculated using Eq 3.19 
except that the safety factor 1.7 is not applied. These tables also contain the internal forces of 
the critical elements due to the dead load for the barrel vaults. Subtracting the internal forces 
induced by the dead load from the allowable and ultimate compressive strength of the 
elements, the safety margins for the capacities of the elements for earthquake will be 
produced. These safety margins denoted by AP. and AP,, are shown in columns 6 and 7 of the 
tables. Also, the results of the dynamic analysis for one of the accelerogrýms, normally, the 
one with high effects, are presented in the last column of these tables. As mentioned earlier, 
the selected accelerograms are scaled to 0.85g, which is the average of the peak ground 
accelerations(PGA) of the selected accelerograms. 
Investigation of the internal forces of the critical elements of the barrel vaults shows that, for 
some of the barrel vaults, the combination of the dead load and earthquake loading produces 
internal forces that exceed the ultimate compressive strengths of the elements. So, the 
buckling of some of the elements is to be expected. For instance, for the barrel vault with rise 
to span 
- 
ratio-of 0.00 and support conditions_A (Table_6.5)_ element 2_17 buckles under the 
action of the Northridge accelerogram. Actually, the member becomes prone to buckling with 
0.57g for the Northridge earthquake because 
Margin of safety for ultimate compressive strenth ' 108 xg= -xO. 85g Earthquake induced internal force 160.7 
= 0.67 x (0.85g )=0.57g 
Note that the actual PGA for the vertical accelerogram of Northridge is 1.048g. 
For the barrel vault with rise to span ratio of 0.15 and support conditions A, see Table 6.6, 
none of the elements buckle in the case of the Gazli accelerogram. It can be expected that the 
Gazli accelerograrn with the actual PGA of 1.264g will cause the elements such as III and 
132 to buckle. 
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Table 6.5 Internal forces and strengths of the critical members for the barrel vault with rise to 
span ratio of 0.00 and support conditions A 
Element 
ID 
Cross- 
section 
type 
P. P,, FDL Ap. Ap" FNofthddge 
111 32 390 663 130 260.8 533 685.4 
132 19 260 442 77.5 182.5 364.5 419.6 
133 17 240 408 69.2 171 338.8 367 
198 1 80 136 22 58 114 123 
217 1 80 136 27.8 52.2 108 160.7 
218 1 8 136 21.8 58.2 114 120.8 
236 1 80 136 30.9 49 105 
1 
188.5 1 
Legend: 
P,, = allowable compressive strength of element in kN, 
P., = ultimate compressive strength of element in kN, 
FDL ": internal force of element under dead load in kN, 
AP. = P. - FDL = reserve of allowable strength in excess of that required for the dead load in 
kN, 
AP, = P, - FDL = reserve of ultimate strength in excess of that required for the dead load kN 
and 
FNorthridge 2-- internal force of element under vertical accelerogram of Northridge earthquake in 
kN. 
Note: The internal forces of the elements that undergo buckling during the earthquake are 
shown in larger font. 
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Table 6.6 Internal forces and strengths of the critical members for the barrel vault with rise to 
span ratio of 0.15 and support conditions A 
Element 
ID 
Cross- 
section 
type 
P. P,, FDL Ap. Ap" FGazli 
90 12 110 187 25.5 84.5 161.5 105 
111 10 100 170 22.8 77.2 147 100 
132 2 60 102 12.9 47.1 89.1 88.8 
213 21 155 263.5 34.4 120.6 229 118 
221 21 155 263.5 34.4 120.6 229 112.5 
232 20 150 255 33.5 116.5 221.5 118.6 
240 20 150 255 33.5 116.5 221.5 118.4 
Legend: 
P,, = allowable compressive strength of element in kN, 
P,, = ultimate compressive strength of element in kN, 
FDL ý-- internal force of element under dead load in kN, 
AP,, = P. - FDL = reserve of allowable strength in excess of that required for the dead load in 
kN, 
AP, = P, - FDL = reserve of ultimate strength in excess of that required for the dead load kN 
and 
FNorthridge internal force of element under vertical accelerogram of Northridge earthquake in 
kN. 
Note: The internal forces of the elements that undergo buckling during the earthquake are 
shown in larger font. 
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Table 6.7 Internal forces and strengths of the critical members for the barrel vault with rise to 
span ratio of 0.30 and support conditions A 
Element 
ID 
Cross- 
section 
type 
Pa P,, FDL AP, Ap" FGzý, jj 
79 1 50 85 5 45 80 11.6 
132 20 150 255 7.5 142.5 247.5 26.4 
217 1 50 85 14.5 35.5 70.5 58.5 
232 18 140 238 29.3 110.7 208.7 49.2, 
236 1 50 85 2.6 47.4 82.4 53.1 
395 1 50 85 0.1 49.9 84.9 13.2 
Legend: 
Pý, = allowable compressive strength of element in kN, 
P,, = ultimate compressive strength of element in kN, 
FDL -: - internal force of element under dead load in kN, 
AP,, = P,, - FDL = reserve of allowable strength in excess of that required for the dead load in 
kN, 
AP,, = P,, - FDL = reserve of ultimate strength in excess of that required for the dead load kN 
and 
FGý, Ij = internal force of element under vertical accelerogram of Gazli earthquake in kN. 
Note: The internal forces of the elements that undergo buckling during the earthquake are 
shown in larger font. 
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Table 6.8 Internal forces and strengths of the critical members for the barrel vault with rise to 
span ratio of 0.45 and support conditions A 
Element 
ID 
Cross- 
Section 
type 
P. P. FDL AP, AP, FNorduidge 
135 27 30 51 7.5 22.5 43.5 22.6 
202 13 115 195.5 23 92 172.5 39.5 
220 14 120 204 23.5 96.5 180.5 51 
221 14 120 204 24 96 180 45.7 
239 18 140 238 27 113 211 60 
240 IS 140 238 27.2 112.8 210.8 54.8 
Legend: 
Pa = allowable compressive strength of element in kN, 
Pu = ultimate compressive strength of element in kN, 
FDL ý- internal force of element under dead load in kN, 
APa = Pa - FDL = reserve of allowable strength in excess of that required for the dead load in 
kN, 
AP,, = P., - FDL = reserve of ultimate strength in excess of that required for the dead load kN 
and 
FNorthridge ": internal force of element under vertical accelerograrn of Northridge earthquake in 
kN. 
Note: The internal forces of the elements that undergo buckling during the earthquake are 
shown in larger font. 
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Table 6.9 Internal forces and strengths of the critical members for the barrel vault with rise to 
span ratio of 0.00 and support conditions B 
Element 
]D 
Cross- 
section 
type 
P. P,, FDL AP, Ap" FNorthjidge 
69 37 440 748 107.5 332.5 640.5 593.2 
70 32 390 663 96.5 293.5 566.5 516 
89 37 440 748 108.7 331.3 639.3 595.6 
217 1 80 136 19.8 60.2 116.2 164.4 
220 3 100 170 27.1 72.9 142.9 144.8 
236 1 80 136 1805 61.5 117.5 163.6 
237 1 80 136 19.1 60.9 116.9 124.0 
198 1 80 136 18.9 61.1 117.1 165.9 
179 1 80 136 19.2 60.8 116.8 166.2 
Legend: 
P,, = allowable compressive strength of element in kN, 
P,, = ultimate compressive strength of element in kN, 
FDL = internal force of element under dead load in kN, 
AP. = P. - FDL = reserve of allowable strength in excess of that required for the dead load in 
kN, 
APu = Pu - FDL = reserve of ultimate strength in excess of that required 
for the dead load kN 
and 
FNc)rIMdge = internal force of element under vertical accelerogram of Northridge earthquake in 
kN. 
Note: The internal forces of the elements that undergo buckling during the earthquake are 
shown in larger font. 
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Table 6.10 Internal forces and strengths of the critical members for the barrel vault with rise 
to span ratio of 0.15 and support conditions B 
Element 
ID 
Cross- 
section 
type 
P. P, FDL Ap" Ap, ý 
Fimperial 
69 12 110 187 23.7 86.3 163.3 135 
89 10 100 170 22.0 78 148 124.7 
111 9 95 161.5 21.1 73.9 140.4 115.7 
130 4 70 119 10.6 59.4 108.4 38.4 
183 20 150 255 32.9 117.1 222.1 139.7 
202 20 150 255 32.9 117.1 222.1 140.6 
221 18 140 238 31.3 108.7 206.7 140.6 
240 19 145 246.5 32.4 112.6 214.1 133.9 
Legend: 
P, ý = allowable compressive strength of element in kN, 
P,, = ultimate compressive strength of element in kN, 
FDL ý-- internal force of element under dead load in kN, 
AP. = P. - FDL = reserve of allowable strength in excess of that required for the dead load in 
kN, 
AP,, = P,, - FDL = reserve of ultimate strength in excess of that required for the dead load kN 
and 
Fl,,, p,, i,,, = internal force of element under vertical accelerogram of Imperial Valley earthquake 
in kN. 
Note: The internal forces of the elements that undergo buckling during the earthquake are 
shown in larger font. 
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Table 6.11 Internal forces and strengths of the critical members for the barrel vault with rise 
to span ratio of 0.30 and support conditions B 
Element 
ID 
Cross- 
section 
type 
P. P,, FDL AP, AP,, Fimperial 
69 3 65 110.5 15.1 49.9 95.4 36.5 
89 2 60 102 14.2 45.8 87.8 34.8 
128 1 50 85 3.4 46.6 81.6 22.1 
157 8 90 153 20.7 69.3 132.3 32.1 
201 9 95 161.5 20.7 74.3 140.8 39.6 
220 10 100 170 22.2 77.8 147.8 41.3 
239 10 100 170 22.3 77.8 147.8 45.2 
245 1 50 85 1.4 48.6 83.6 15.6 
Legend: 
Pý, = allowable compressive strength of element in kN, 
P,, = ultimate compressive strength of element in kN, 
FDL ý-- internal force of element under dead load in kN, 
AP. = P. - FDL = reserve of allowable strength in excess of that required for the dead load in 
kN, 
AP., = P. - FDL = reserve of ultimate strength in excess of that required for the dead load kN 
and 
Fi, np,, i,, j = internal force of element under vertical accelerogram of Imperial Valley earthquake 
in kN. 
Note: The internal forces of the elements that undergo buckling during the earthquake are 
shown in larger font. 
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Table 6.12 Internal forces and strengths of the critical members for the barrel vault with rise 
to span ratio of 0.45 and support conditions B 
Element Cross- 
ID section 
P. P,, FDL Ap. Ap" FLanders 
type 
72 1 50 85 14.4 35.6 70.6 39.5 
107 1 50 85 13.7 36.3 71.3 28.6 
114 1 50 85 13.7 36.3 71.3 29 
217 1 50 85 10.3 39.7 74.7 41.2 
236 1 50 85 10.3 39.7 74.7 39.1 
Legend: 
P,, = allowable compressive strength of element in kN, 
ultimate compressive strength of element in kN, 
FDL ` internal forces of elements under dead load action in kN, 
AP. = P. - FDL = reserve of allowable strength in excess of that required for the dead load in 
kN, 
AP., = P,, - FDL = reserve of ultimate strength in excess of that required for the dead load kN 
and 
FUnders ý-- internal forces of elements under the vertical accelerogram of Kobe in kN. 
Note: the internal forces of the elements that undergo buckling during the earthquake are 
shown in larger fonts. 
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For the barrel vault with rise to span ratio of 0.30 and support conditions A, see Table 6.7, 
none of the members buckle due to the application of the accelerograms with the specified 
PGA, that is 0.85g. While, the application of the Gazli, Imperial Valley and Nahanni 
accelerograms with real PGA's, namely, 1.264g, 1.655g and 2.086g, respectively, will cause 
some elements such as 217 to buckle. 
For the barrel vault with rise to span ratio of 0.45 and support conditions A, see Table 6.8, 
none of the members buckle even by application of the real PGA's of the accelerograms. 
For the barrel vault with rise to span ratio of 0.00 and support conditions B, see Table 6.9, 
considerable number of elements buckle by the application of the accelerograms with 
specified PGA. For instance, the vertical scaled accelerogram of Northridge earthquake 
causes elements 179,198,217,220,239 and 237 to buckle. It is even expected that the 
Northridge earthquake with PGA of 0.6g can make some elements buckle, while the real peak 
ground acceleration (PGA) for this earthquake is 1.779g. 
For the barrel vault with rise to span ratio of 0.15 and support conditions B, see Table 6.10, 
none of the elements buckle by the specified PGA for the accelerograms. However, the 
Imperial Valley accelerogram with real PGA, that is 1.655g, will cause some elements such as 
89,111 and 260 to buckle. 
For the barrel vaults with rise to span ratios of 0.30 and 0.45 and support conditions B, see 
Tables 6.11 and 6.12, respectively, not a single element buckle. Even applying the 
accelerograrns with real PGA's does not cause any buckling. However, the presence of high 
snow loads will make some elements to buckle. 
It seems that the number of the elements that buckle during earthquakes decreases with 
increase in the rise to span ratios of the barrel vaults. While for the barrel vaults with rise to 
span ratios of 0.00 and 0.15 so many elements buckle under the action of the dead load and 
vertical components of the earthquakes with PGA=0.85g, for the barrel vaults with rise to 
span ratios of 0.30 and 0.45 no element buckle under the same conditions. Of course, the 
barrel vaults with rise to span ratio of 0.30 are relatively more vulnerable in comparison with 
the barrel vaults with rise to span ratio of 0.45. Because, while the former barrel vaults have 
some elements that undergo buckling during earthquakes with unscaled accelerograms, the 
latter barrel vaults have not a single element undergoing buckling even with PGA of 2.086g 
for the Nahanni earthquake. Theoretically, it can be stated that with the increase of the rise to 
span ratio for a barrel vault the relative vertical stiffness increases, and as a result if the mass 
is kept constant, the period of the dominant vertical mode decreases, see Tables 4.3 to 4.9. 
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This decrease makes the vertical dominant modes distant from the resonance region of the 
acceleration response spectra of the earthquakes. 
One of the major characteristics of an accelerogram is its response on a specific period of a 
structure, or simply, the position of a period in the response spectrum. As one may see from 
Fig 4.36b, the response spectrum of the Chi-Chi accelerogram has a trough in the range of the 
first effective vertical modes of the barrel vaults. For instance, the response accelerations for 
the first effective vertical modes of th e barrel vaults are between 1.08g and 1.62g, which are 
quite low responses (see Table 6.13). As a result, as Figs 6.6 to 6.12 show, the forces induced 
by Chi-Chi accelerogram are among the lowest ones for most of the barrel vaults. On the 
other hand, the response accelerations of the vertical accelerogram of Northridge for the first 
effective vertical modes of the barrel vaults are in the resonance region of the spectrum. The 
response accelerations of the scaled accelerogram of the Northridge earthquake are between 
1.22g and 4.35g (see Table 6.13). The same situation prevails for the scaled horizontal 
accelerogram of the Gazli earthquake. The response accelerations for this accelerogram, see 
Table 6.13, are between 1.73g and 4.23g, which are again in the top range of the responses. 
Therefore, the resulting forces for these two accelerograms are among the highest ones for 
most of the barrel vaults, Figs 6.5 to 6.12 and Tables 6.14 to 6.2 1. 
The results of the dynamic analysis illustrate the significance of another characteristic of an 
accelerogram, that is, the duration. For example, it is interesting to compare the effects of the 
accelerograms of two earthquakes with different durations, such as the Tabas accelerogram, 
whose bracketed duration is 26 seconds, and the Cape Mendocino accelerogram with 
bracketed duration of 10 seconds. The response acceleration for the Tabas accelerogram is 
2.00g for the barrel vault with the rise to span ratio of 0.00 and support conditions A, while, 
the response acceleration for the Cape Mendocino accelerogram is 0.94g for the same barrel 
vault. So, it can be seen that the longer the duration the larger are the effects of an 
accelerogram. 
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6.2.4 Calculation Of Nodal Equivalent Vertical Static Forces Of Earthquakes 
One of the major aims of this work is to establish the equivalent static loading of earthquakes 
on barrel vaults. It is assumed that using static equivalent loads will ease significantly the 
process of analysis and design of a barrel vault against earthquakes. To establish a set of 
equivalent static loads for the vertical action of an earthquake, the scaled selected 
accelerograms are applied at the bases of the barrel vaults. 
Obtaining the induced forces at the joints of a structure is not directly possible. In practice, 
these equivalent forces are estimated indirectly. To this end, the equivalent forces are obtained 
by multiplying the masses at the joints by their induced accelerations. However, as is 
mentioned in Section 5.2.2, this only involves the inertial part of the forces and does not 
represent the total external excitation effects. To obtain the equivalent nodal forces, the 
response accelerations of the nodes, obtained from the output of the analysis package 
(LUSAS), are multiplied by the masses at the corresponding joints. This results in a set of 
virtual nodal forces that are assumed to be equivalent to the earthquake direct action. In this 
approach, the relative accelerations of the nodes are used for the calculation of the nodal 
forces. Because, only the relative part of the accelerations induced in a stable structure creates 
internal forces and relative displacements. So, the input accelerations at the base of the 
structure are deducted from the absolute accelerations at the nodes in the corresponding time 
step. Also, in this approach, the maximum response of the response time history is considered. 
Since, the maximum response accelerations of the nodes do not occur at the same time step, to 
consider the overall maximum response of the structure, the maximum base shear is taken as a 
measure for determining the maximum response time step. 
The main aim of the suggested method is to obtain the amounts and the distribution pattern of 
the equivalent earthquake vertical forces. The earthquake loadings are assessed on the basis of 
the distances of the nodes from the left support. So, the forces at the nodes that occur at a 
particular distance are summed and the resulting force is assigned to the corresponding 
distance. The arrangement of the nodes of the barrel vaults and their relative distances d are 
shown in Figs 6.1 to 6.4 for the barrel vaults with rise to span ratios of 0.00,0.15,0.30 and 
0.45, respectively. 
The masses at the nodes are determined by allocating the masses of halves of the connecting 
elements to each node. For- this purpose, half of the length of every connecting element at 
each node is multiplied by its cross-sectional area to give the volume. The volumes for the 
elements connected to a node are then added together and multiplied by the mass density of 
the material, as discussed in Section 4.3.3, to obtain the mass at each node. 
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a) Nodes of the barrel vaults with rise to span ratios of 0.00 
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b) Positions and the corresponding relative distances for the equivalent vertical forces of 
the barrel vaults with rise to span ratio of 0.00. 
Fig 6.1 Relative distances of the nodes of the barrel vaults with rise to span ratio of 0.00 
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a) Nodes of the barrel vaults with rise to span ratios of 0.15 
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b) Positions and the corresponding relative distances for the equivalent vertical forces of 
the barrel vaults with rise to span ratio of 0.15 (not to scale). 
Fig 6.2 Relative distances of the nodes of the barrel vaults with rise to span ratio of 0.15 
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b) Positions and the corresponding relative distances for the equivalent vertical forces of 
the barrel vaults with rise to span ratio of 0.30 (not to scale). 
Fig 6.3 Relative distances of the nodes of the barrel vaults with rise to span ratio of 0.30 
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21 
a) Nodes of the barrel vaults with rise to span ratios of 0.45 
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b) Positions ID's and the corresponding relative distances for the equivalent vertical forces of 
the barrel vaults with rise to span ratio of 0.45 (not to scale). 
Fig 6.4 Relative distances of the nodes of the barrel vaults with rise to span ratio of 0.45 
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6.2.5 Equivalent Vertical Forces And Vertical Base Shear 
To establish the pattern of distribution of the equivalent vertical forces for earthquakes, the 
calculated equivalent forces (or inertial forces) corresponding to the nodes shown in Figs 6.1 
to 6.4 are normalised. The calculated forces at the various distances of the barrel vaults are 
normalised with respect to the corresponding calculated vertical base shears. 
Figs 6.5 to 6.12 show the forces and Figs 6.13 to 6.20 show the normalised forces of the 
selected accelerograms for the barrel vaults. In these figures the mean and mean±(: r curves are 
also presented. The nature and relevance of these statistical terms are explained in Appendix 
C. In Fig 6.21 the mean+c; value curves of thebarrel vaults-are_c_ombined. 
____ 
The calculated equivalent forces of Figs 6.13 to 6.20 are normalised with respect to the 
corresponding calculated vertical base shear or simply, the sum of the equivalent vertical 
forces. The actual vertical base shear V, is not equal to sum of the equivalent vertical forces 
2T, i, that is, the inertial part of the base shear. So, to obtain the pattern for the vertical loads, 
the calculated equivalent forces Fi are scaled with respect to 2Ti. For every individual barrel 
vault, there are 12 normalised curves corresponding to 12 accelerograms. The mean curve and 
mean±cr curves are also presented in these figures. The mean+cr curves for the entire group of 
the barrel vaults are presented together in Fig 6.21. This figure shows that with increase in 
rise to span ratio, two changes in the equivalent vertical loads occur. These changes can be 
stated as 
* with increase in riseý to span ratio of a barrel vault, the magnitude of the maximum 
equivalent vertical load decreases and 
0 with increase in rise to span ratio of a barrel vault, the pattern of the equivalent 
vertical loading changes from an arc-like pattern to a flatter pattern. 
It may, therefore, be concluded that an increase in the rise to span ratio of barrel vaults 
decreases the vertical earthquake effects. In Figs 6.22 and 6.23 the normalised fitted curves of 
the mean+cr values of the barrel vaults with rise to span ratios of 0.00,0.15,0.30 and 0.45 are 
shown. To generalise the resulting pattern of the distribution of the equivalent vertical loads 
for all barrel vaults, a mean curve for the existing normalised curves are drawn. The mean 
curve, shown by thick line, is suggested for the distribution pattern of the equivalent vertical 
loads for barrel vaults. The suggested formulae representing the patterns of distribution of 
vertical equivalent loads for earthquakes on the barrel vaults are as follows: 
For the barrel vaults with rise to span ratio of 0.00 
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FýI 4- 1.50dR-'+0.6od R2+0.15dR+0.006 v=0.75dR 6.3 v vy 
For the barrel vaults with rise to span ratio of 0.15 
F4_0.1 
1dR2 
, 
>ýV =0.13dR -0.25dR" +O. 23dR +0.016 6.4 
For the barrel vaults with rise to span ratio of 0.30 
F-ýIV 
= -]. ]2dR4 + 2.23dR-' - 1.50d R2 + 0.39dR -ý 0.030 6.5 v 
For the barrel vaults with rise to span ratio of 0.45 
F-YV 
=-1.08d "4 + 2.16dR3 - 1.52dR' + 0.44dR + 0.02 7 6.6 v 
where 
dR = dIS 6.7 
in which- d is the distance of a node from the left support and S is the span of the barrel vault, 
see Figs 6.1 to 6.4. The graphical representation of the formulae 6.3 to 6.6 is given in Fig 
6.26. As one may notice, the pattern of the equivalent vertical earthquake loading is quite 
different for the barrel vaults with rise to span ratios of 0.00 and 0.15 as compared with the 
barrel vaults having rise to span ratios of 0.30 and 0.45. The pattern of loading for the barrel 
vault with rise to span ratios of 0.00 and 0.15 are mostly concentrated at the middle of the 
span of the structure. However, for the barrel vaults with rise to span ratios of 0.30 and 0.45, 
the loading pattern is distributed more equally on the whole span of the structure. It may be 
concluded that an increase in the rise to span ratio of the barrel vault causes the vertical 
effects of the earthquake to distribute across the span rather than being concentrated at the 
middle of the span. 
Another relation that is worth considering is the relationship between the weight of a barrel 
vault and the vertical base shear induced during an earthquake. The base shears for the barrel 
vaults are listed in Tables 6.14b to 6.21b. In these tables two types of base shears are given in 
the second and third columns. The base shear in the second column is the actual base shear, 
which is calculated by the analysis package LUSAS at the base of a barrel vault. The base 
shear in the third column is the inertial base shear, which is the sum of the equivalent vertical 
forces at different distances of a barrel vault. To obtain a relation between the weight of a 
barrel vault and the vertical base shear produced during an earthquake, the actual vertical base 
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Table 6.14 Barrel vault with rise to span ratio of 0.00 and support conditions A 
a) Time and imposed base acceleration corresponding to the maximum base shear 
Earthquake Time (sec) Time-step 
Actual 
Base Acc. 
(g) 
Factor 
Factorised 
Base Acc. 
(m/seC2) 
Cape M. 2.92 146 -0.416837 11.065 -4.6123 
Chi-Chi 13.235 2647 -0.377229 11.517 -4.3445 
Coaling 3.74 748 -0.372859 14.676 -5.4721 
Gazli 8.485 1697 1.109135 6.592 7.3048 
Imperial V 2.605 521 0.5326596 5.042 2.6857 
Kobe 6.26 626 0.3747318 19.218 7.2016 
Landers 8.17 1634 0.617613 10.193 6.2953 
Loma P. 8.95 1790 0.1214928 9.369 1.1383 
Nahanni 9.26 1852 0.1534087 3.993 0.1626 
Northridge 8.26 413 0.2902977 7.956 2.3096 
San F. 3.34 334 -0.462775 11.949 -5.5297 
Tabas 10.92 546 0.0462635 12.115 0.5605 
b) Maximum actual base shear and inertial part of the base shear in kN 
Earthquake Actual Base Shear Inertial Base Shear 
Cape Mendocino -195.0 -63.3 
Chi-Chi -321.3 -180.9 
Coaling -276.2 -103.2 
Gazli 276.1 47.8 
Imperial Valley 215.2 137.1 
Kobe 278.7 60.8 
Landers 193.1 -2.8 
Loma Prieta 346.9 320.0 
Nahanni 108.3 84.7 
Northridge -625.9 -709.9 
San Fernando -490.5 -329.4 
Tabas 262.79 246.9 
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Table 6.15 Barrel vault with rise to span ratio of 0.15 and support conditions A 
a) Time and imposed base acceleration corresponding to the maximum base shear 
Earthquake Time (sec) Time-step 
Actual 
Base Acc. 
(g) 
Factor 
Factorised 
Base Acc. 
(m/seC2) 
Cape M. 3.02 151 -0.753606 11.065 -8.33865 
Chi-Chi 13.06 2612 0.551509 11.517 6.35173 
Coaling 3.82 764 0.153504 14.676 2.252817 
Gazli 8.23 1646 -0.344745 6.592 -2.27560 
Imperial V 2.555 511 -1.172057 5.042 -5.90951 
Kobe 6.26 626 0.374732 19.218 7.201596 
Landers 8.595 1719 -0.3994699 10.193 -4.07180 
Loma P. 5.555 lill -0.287253 9.369 -2.69179 
Nahanni 9.295 1859 0.221994 3.993 0.88642 
Northridge 7.02 351 -0.487744 7.956 -3.88049 
San F. 6.18 618 0.625992 11.949 7.47998 
Tabas 8.02 401 -0.193411 12.115 -2.34318 
b) Maximum actual base shear and inertial part of the base shear in kN 
Earthquake Actual Base Shear Inertial Base Shear 
Cape Mendocino -362.3 -80.6 
Chi-Chi 319.0 92.0 
Coaling 435.2 329.9 
Gazli -470.1 -367.1 
Imperial Valley -796.0 -536.5 
Kobe 369.8 143.4 
Landers -483.2 -301.8 
Loma Prieta -305.2 -174.5 
Nahanni 256.8 196.7 
Northridge 378.3 -222.6 
San Fernando 378.3 156.3 
Tabas -608.7 -472.4 
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Table 6.16 Barrel vault with rise to span ratio of 0.30 and support conditions A 
a) Time and imposed base acceleration corresponding to the maximum base shear 
Earthquake Time (sec) Time-step 
Actual 
Base Acc. 
(g) 
Factor 
Factorised 
Base Acc. 
(m/sec2) 
Cape M. 3.02 151 -0.753606 11.065 -8.33865 
Chi-Chi 13.045 2609 0.690339 11.517 7.95064 
Coaling 2.77 554 -0.3030146 14.676 -4.44704 
Gazli 8.215 1643 -0.791956 6.592 -5.22057 
Imperial V 2.54 508 -1.24565 5.042 -6.29568 
Kobe 6.07 607 -0.323927 19.218 -6.22522 
Landers 8.285 1657 -0.607619 10.193 -6.19346 
Loma P. 5.55 1110 -0.528395 9.369 -4.95053 
Nahanni 9.14 1828 2.05078 3.993 8.18876 
Northridge 8.18 409 -0.682085 7.956 -5.43462 
San F. 6.05 605 -0.640895 11.949 -7.65805 
Tabas 397 0.553116 12.115 
ý. 
7701010 
b) Maximum actual base shear and inertial part of the base shear in kN 
Earthquake Actual Base Shear Inertial Base Shear 
Cape Mendocino -348.6 -66.3 
Chi-Chi 325.0 52.9 
Coaling -275.5 -131.2 
Gazli -566.4 -405.6 
Imperial Valley -316.1 -105.8 
Kobe -357.4 -121.0 
Landers -685.3 -487.3 
Loma Prieta -336.2 -140.0 
Nahanni 197.3 -65.1 
Northridge -311.9 -123.4 
San Fernando -315.3 -42.6 
Tabas 337.1 132.2 
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Table 6.17 Barrel vault with rise to span ratio of 0.45 and support conditions A 
a) Time and imposed base acceleration corresponding to the maximum base shear 
Earthquake Time (sec) Time-step 
Actual 
Base Acc. 
g) 
Factor 
Factorised 
Base Acc. 
(m/seC2) 
Cape M. 3.00 150 -0.50371 11.065 -5.57354 
Chi-Chi 13.04 2608 0.724431 11.517 8.34327 
Coaling 2.825 565 0.568331 14.676 8.340826 
Gazli 8.71 1741 -1.00033 6.592 -6.59418 
Imperial V 2.49 498 1.150369 5.042 5.8002 
Kobe 6.07 607 -0.323927 19.218 -6.22523 
Landers 8.285 1657 -0.607619 10.193 -6.18909 
Loma P. 5.545 1109 -0.71788 9.369 -6.75582 
Nahanni 9.14 1828 2.05078 3.993 8.18876 
Northridge 8.06 403 0.977924 7.956 7.78036 
San F. 6.04 604 -0.673273 11.949 -8.04494 
Tabas 
1 7.58 1 379 0.612305 12.115 
1 
7.418075 
b) Maximum actual base shear and inertial part of the base shear in kN 
Earthquake Actual Base Shear Inertial Base Shear 
Cape Mendocino -277.1 -100.6 
Chi-Chi 308.5 34.1 
Coaling 260.4 -7.8 
Gazli -418.5 -175.0 
Imperial Valley 263.1 83.5 
Kobe -272.6 -54.8 
Landers -475.4 -274.1 
Loma Prieta -308.5 -74.4 
Nahanni 280.6 18.8 
Northridge 395.4 165.9 
San Femando -348.9 -82.4 
Tabas 352.8 110.3 
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Table 6.18 Barrel vault with rise to span ratio of 0.00 and support conditions B 
a) Time and imposed base acceleration corresponding to the maximum base shear 
Earthquake Time (sec) Time-step 
Actual 
Base Acc. 
(g) 
Factor 
Factorised 
Base Acc. 
(rii/seC2) 
Cape M. 3.54 177 -0.0779 11.065 -0.861964 
Chi-Chi 13.23 2646 -0.385579 11.517 -4.44071 
Coaling 3.65 730 -0.0961 14.676 -1.410364 
Gazli 8.93 1786 -0.365789 6.592 -2.411281 
Imperial V 2.46 492 -0.244252 5.042 -1.2315186 
Kobe 6.25 625 0.433345 19.218 8.328024 
Landers 8.09 1618 0.8184749 10.193 8.342715 
Loma P. 8.935 1787 0.166169 9.369 1.556837 
Nahanni 9.23 1846 -0.056 3.993 -0.223608 
Northridge 10.90 545 0.12917 7.956 1.027676 
San F. 
I 
3.32 
i 
332 
I -0.4879345 I 
11.949 
I -5.830329 _j 
Tabas 8.44 422 0.1662527 12.115 2.0141515 
b) Maximum actual base shear and inertial part of the base shear in kN 
Earthquake Actual Base Shear Inertial Base Shear 
Cape Mendocino 277.8 -235.6 
Chi-Chi 384.8 -240.9 
Coaling -465.1 -143.4 
Gazli 508.3 594.3 
Imperial Valley -199.3 -160.4 
Kobe 423.5 166.6 
Landers 265.2 0.903 
Loma Prieta 383.7 334.4 
Nahanni 167.7 171.5 
Northridge 1069.7 1046.4 
San Fernando 640.2 -458.4 
Tabas 422.0 349.9 
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Table 6.19 Barrel vault with rise to span ratio of 0.15 and support conditions B 
a) Time and imposed base acceleration corresponding to the maximum base shear 
Earthquake Time (sec) Time-step 
Actual 
Base Acc. 
(g) 
Factor 
Factorised 
Base Acc. 
(nVseC2) 
Cape M. 3.02 151 -0.75361 11.065 -8.3387 
Chi-Chi 13.06 2612 0.551509 11.517 6.35173 
Coaling 3.815 763 0.258273 14.676 3.790415 
Gazli 8.535 1707 0.0222 6.592 0.14634 
Imperial V 2.55 510 0.7476097 5.042 3.76945 
Kobe 6.27 627 0.2375137 19.218 4.56454 
Landers 10.19 2038 0.141365 10.193 1.44093 
Loma P. 8.54 1708 -0.3611265 9.369 -3.38339 
Nahanni 9.17 1834 -0.00426 3.993 -0.01701 
Northridge 7.02 351 -0.48774 7.956 -3.88046 
San F. 6.17 617 0.506374 11.949 6.05066 
Tabas 
1 8.00 1 400 1 -0.286267 
1 12.115 1 -3.468125] 
b) Maximum actual base shear and inertial part of the base shear in kN 
Earthquake Actual Base Shear Inertial Base Shear 
Cape Mendocino -439.9 -165.3 
Chi-Chi 345.6 123.4 
Coaling 518.6 396.4 
Gazli -786.4 -791.5 
Imperial Valley -935.1 -1010.7 
Kobe 431.1 291.9 
Landers 628.6 586.2 
Loma Prieta -172.5 -66.0 
Nahanni 343.2 336.7 
Northridge -417.8 -284.5 
San Fernando 357.4 198.9 
Tabas -651.0 -544.1 
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Table 6.20 Barrel vault with rise to span ratio of 0.30 and support conditions B 
a) Time and imposed base acceleration corresponding to the maximum base shear 
Earthquake Time (sec) Time-step 
Actual 
Base Acc. 
(g) 
Factor 
Factorised 
Base Acc. 
(m/seC2) 
Cape M. 3.02 151 -0.75361 11.065 -8.3387 
Chi-Chi 13.05 2610 0.640689 11.517 7.37882 
Coaling 2.02 404 0.1273736 14.676 1.869335 
Gazli 8.21 1642 -0.905012 6.592 -5.96584 
Imperial V 2.50 500 0.65545 5.042 3.30478 
Kobe 6.06 606 -0.366054 19.218 -7.034826 
Landers 8.125 1625 -0.43440 10.193 -4.4278 
Loma P. 5.545 1109 -0.71788 9.369 -6.72582 
Nahanni 9.16 1832 0.770374 3.993 3.0761 
Northridge 6.40 320 -0.75532 7.956 -6.00933 
San F. 6.05 605 -0.640895 11.949 -7.65805 
Tabas 8.36 418 0.0592 12.115 0.717208 
b) Maximum actual base shear and inertial part of the base shear in kN 
Earthquake Actual Base Shear Inertial Base Shear 
Cape Mendocino -362.8 -88.0 
Chi-Chi 409.2 160.6 
Coaling 383.4 347.4 
Gazli -629.5 -482.4 
Imperial Valley 351.2 276.6 
Kobe -385.5 -134.8 
Landers -649.2 -552.4 
Loma Prieta -402.3 -160.3 
Nahanni 324.8 238.9 
Northridge -372.7 -205.9 
San Fernando -439.2 -177.0 
Tabas 431.6 434.5 
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Table 6.21 Barrel vault with rise to span ratio of 0.45 and support conditions B 
a) Time and imposed base acceleration corresponding to the maximum base shear 
Earthquake Time (sec) Time-step 
Actual 
Base Acc. 
(g) 
Factor 
Factorised 
Base Acc. 
(m/seC2) 
Cape M. 3.26 163 -0.196955 11.065 -2.1793 
Chi-Chi 13.045 2609 0.690340 11.517 7.95064 
Coaling . 2.83 566 0.496743 14.676 7.2902 
Gazli 9.03 1806 0.0962 6.592 0.6340 
Imperial V 2.585 517 1.09509 5.042 5.5214 
Kobe 4.90 490 0.362057 19.218 6.95801 
Landers 7.755 1551 0.2092155 10.193 2.13253 
Loma P. 5.545 1109 -0.717879 9.369 -6.72581 
Nahanni 9.16 1832 0.77037 3.993 3.07609 
Northridge 6.70 335 0.536617 7.956 4.2693 
San F. 6.27 627 -0.477085 11.949 -5.7007 
Tabas 8.18 409 0.45197 12.115 5.4756 
b) Maximum actual base shear and inertial part of the base shear in kN 
Earthquake Actual Base Shear Inertial Base Shear 
Cape Mendocino -287.1 -199.7 
Chi-Chi 344.3 78.5 
Coaling 329.4 93.9 
Gazli 568.6 540.9 
Imperial Valley 251.1 80.7 
Kobe 266.6 45.3 
Landers 659.6 581.7 
Loma Prieta -325.1 -88.8 
Nahanni 254.7 150.1 
Northridge 321.9 184.6 
San Fernando -370.8 -175.8 
Tabas 349.2 163.3 
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shear is utilised. The probable relationship between the actual vertical base shear and the 
weight of a barrel vault can be assumed to be as follows: 
V, = CVo3 TV, 6.8 
Where, V, is the actual vertical base shear, CVO is the vertical earthquake loading coefficient 
and TV, is the total weight of the barrel vault. For the selected barrel vaults and earthquakes, 
the terms V, and TV, are known. Therefore, the vertical earthquake-loading coefficient can be 
obtained from: 
CV0 -K W, 
6.9 
Of course,. in the design stage of a barrel vault, V, is not known. Therefore, the vertical 
earthquake loading coefficient CVO should be deten-nined in advance. To obtain this 
coefficient, in this research, the response acceleration of the first dominant vertical mode of a 
barrel vault is used, as follows: 
CV. =flx[SA(T, )Ig] 6.10 
Where, 8 is a coefficient, SA(Tj is the response acceleration of an earthquake for the first 
dominant vertical mode of a barrel vault whose natural period is T, and g is the acceleration of 
gravity. The term SA(Tj can be obtained by using the response spectrum of each of the 
selected earthquakes by applying the period of the first dominant vertical mode of the barrel 
vault. When the corresponding CVO for every SA(T, ) is calculated from Eq 6.9, then, 8 can be 
found readily as: 
pc 
vo 
=[SA(T, )Ig] 6.11 
This implies that, for every single barrel vault, 12 values for 8 can be found corresponding to 
the 12 accelerograms of the selected earthquakes. These coefficients are shown in Fig 6.27 for 
barrel vaults with support conditions A and Fig 6.28 for barrel vaults with support conditions 
B. Also, in these figures the mean and mean±a values are shown. For design purposes, a 
simple relation that is relatively conservative is chosen for each of the support conditions. 
Thus: 
For support conditions A => 8=1.0308(IVS) + 2.2657 6.12 
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For. support conditions B =: > 8=1.278(IVS) + 2.0443 6.13 
So, to find the base shear for a barrel vault for an earthquake, the necessary equations are: 
For support conditions A 
V =[1.03(HIS) + 2.27]x[SA(T, )Ig]xW, 6.14 v 
For support conditions B 
V =[1.28(HIS) + 2.04]x[SA(T, )Ig]xW, 6.15 v 
It is worth noting that Eqs 6.14 and 6.15 should be modified before being used for assessing 
the earthquake effects on the barrel vaults. The necessary modifications are as follows: 
1. Equations 6.14 and 6.15 are established using accelerograms whose PGAs are 0.85g. 
However, it is not necessary for every single barrel vault to withstand such a strong 
ground motion. In fact, a target peak ground acceleration (sometimes called design 
earthquake) that a barrel vault should withstand depends on the geoseismic properties 
of the site and the expected life of the barrel vault. Therefore, a site risk coefficient 
that reflects the particulars of the design earthquake for the site could be applied to 
these equations. The appropriate authorities in each country define these coefficients. 
For instance, Eurocode 8 [2002] has introduced a parameter named a. for the value of 
the effective peak ground acceleration in Section 4.3.2 of Part 1-1. This parameter is 
defined to be the design ground acceleration for the reference return period. However, 
in Section 4.1.3 of Part 1-1 of Eurocode 8, the 'National Authorities for each seismic 
zone' are named for choosing this parameter. Another example is in relation to 
UBC97 [1997] that has divided the USA into 4 zones and for each zone has assigned a 
normalised value for the peak ground acceleration as a percentage of the acceleration 
of gravity. The value ranges from 0.075g for zone I to 0.40g for zone 4. It should be 
noted that other American codes, such as IBC2000 [2000], specifies single maximum 
ground acceleration with two associated parameters for the whole of the USA. The 
parameters are the spectral response acceleration for short periods and the spectral 
response acceleration for a period of one second. 
2. Equations 6.14 and 6.15 are established considering only the linear behaviour of the 
barrel vaults. So, according to the accepted damage level and serviceability 
considerations of the barrel vaults, another coefficient should be applied to these 
equations. This coefficient, that can be named 'behaviour factor', will account for the 
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post-buckling of the elements and the overall nonlinear behaviour of the barrel vaults. 
This matter will be dealt with in more details in Chapter 7. 
Arjang Sadeghi 311 
CHAPTER SIX Vertical Effects and Equivalent Static Loading of Erthqs. PhD Thesis 
91, 0 ýt " 10. 
0 
Ul 
In 
ci 0 m rL Ca. 
CD 
C) (D 0 
C) CD C) 
(0 LO 
N 
C) C) 
00 
C0 N 
saolo, q 
o00 o0 o0 00 
CN 
Co ö 
(0 
(Z; 
-1: 
'4. 
0 
C14 
C; 
0 
04 
c:, 
1.0. rn 
. c2 
Co 
.Z 
ý. 0 
ýc 
"Ci 
(D 
Arjang Sadeghi 312 
CHAPTER SIX Vertical Effects and Equivalent Static Loading of Erthqs. PhD Thesis 
cc 
- 
. 0- - CD 
0 
q 
ci CD 11 11 
cn 
(» Co r- Co Ln am 
cq CD 
cý cý cý 
AAPAI 
04 
7 1-: 
- T- 
cq 
0 
ce 
0 
0 
ci 
0 
0 
0 CD 
C6 Cý. 
0 
0 
Cd 
; -q 
ro 
Cd 
0 
42 
al 
.0 
10 
cd 
0 
10. 
aj 
0 
to 
ci 
-9 
0 
9 
Arjang Sadeghi 313 
CHAPTER SIX Vertical Effects and Equivalent Static Loading of Erthqs. PhD Thesis 
cc W 
ul 
w- (3) Co 
N Co Lt) 
cý 
'A/ IA: q 
cr) V4 
0q 
Ei 
c; 0 C; 
Cl 
CR CD 
(D 
, It 
c; 
c4 
CD 
0 
4" 
09 
44ý 
0 
0 
cd 
rn 
0 
4 
&4 
C6 
4- 
:j 
0 
1.4 
al 
.m 
CD 
140. 
P: 
cli 
121 
cd 
5 
0 
CY) 
N 
to 
to 
rl. 
Arjang Sadeghi 314 
CHAPTER SIX Vertical Effects and Equivalent Static Loading of Erthqs. PhD Thesis 
N 
T- IIiIII': 
. 5ý 
E-1 
C-D 
C', 
(» Co t- Co LO ei cm ý_i 
ci ä ci 
co 
ci 
Co d 
lqr d 
N 
c; 
Q 
C*4 9 
q 
9 
CD 
Ci 
CD 
cii 
ý. 0 
Co 
l= 
10 
Z 
(0 
Arjang Sadeghi 315 
CHAPTER SIX Vertical Effects and Equivalent Static Loading of Erthqs. PhD Thesis 
- 
a, 
(» OD r, - CD 
ci cý 0 CD ci 
'A/ 'AJ 
C14 
V-: 
cq 
(D 
CD 
C; 
0 
C14 
6 
0 
.9 
q 
9 
LO 
1114 
C; Lý. 
0 
0 
co 
(1) 
CO 
.M 
(1) 
42, 
0 
ok 
CL) 
41 
aj 
0 
lcý 
10 
Cd 
r:: 
0 
ý71 
LO 
C14 
cc 
. 
to 
rL4 
Arjang Sadeghi 316 
CHAPTER SIX Vertical Effects and Equivalent Static Loading of Erthqs. PhD Thesis 
cq 
Ci 
SQ 
cs 11 
co 
C) Co pl- Co LO le ce 
rli %. 0 
CD Q ce 
is 
(Z; ci 0 
N soolog 
C,, 
C) 
Cd 
CD 
.0 
(D 
al 
CD 
-. 10. 
al 
C14 .2 
(. 0 
4 Cq 
cli 9 9 
9 
Arjang Sadeghi 317 
CHAPTER SIX Vertical Effects and Equivalent Static Loading of Erthqs. PhD Thesis 
co 
Cl) Ui cli 
IQ 
LQ 
a 
CV) C14 T- 
d 
Ui 
0 
U) 
c; 
0 
C5 0 
0 
5a4 
U) 
Cl) 
E C; 
cc 
ce) 
> 
CD 
co 
ýo 
0 
14 
U) Liý 
C14 0 
0 C6 
0 
Cd 
Cd 
CN 
ci 
0 
4ý 
CD 
4 
5 U) 
C; 
9-4 
C: L 
Lý 
0 
C; 9.4 
0 
cd 
1-4 
CO 
Lc) 
CD cq 
+ CD 
CD 
Arjang Sadeghi 318 
CHAPTER SIX Vertical Effects and Equivalent Static Loading of Erthqs. PhD Thesis 
-ez; -- 
b 
co CD 
le CV) C, 4 v- 0 
d 
c4 II 
LO 
0 
0 
0 
ca4 
1=4 
LO 
Cl) 
C; 
CV) 
ýo 
Lf) 
C14 0 
cn 
0 
co w V4 
tt 
C: L 
Cý 
0 
C; 
aj 
co 
U) C11 
to 
0 
Arjang Sadeghi 319 
CHAPTERSEVEN 
Nonlinear Behaviour 
of the 
Barrel Vaults 
7.1 INTRODMON 
Structures subjected to severe earthquake ground motion may experience deformations 
beyond the elastic range. To a large extent, the inelastic deformations depend on the intensity 
of excitations and load-deformation characteristics of the structure and often result in stiffness 
degradation. Because of the cyclic characteristic of ground motion, structures experience 
successive loadings and unloadings and the force-displacement or resistance-deformation 
relationship follows a sequence of loops known as hysteresis loops, Fig 7.1. The loops reflect 
a measure of a structure's capacity to dissipate energy. The shape and orientation of hysteresis 
loops depend primarily on the structural stiffness and yield displacement. Factors such as 
structural materials, structural systems and connection details influence the hysteretic 
behaviour. The sources of inelastic behaviour of a structure are: 
9 Nonlinearity of material behaviour and 
9 Geometric Nonlinearity. 
Fig 7.1 Hysteresis loop for a material with bilinear inelastic behaviour 
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Material nonlinearity is attributed to the load-deflection pattern of the material of a structure. 
Geometric nonlinearity is attributed to large deflections in the structure during which changes 
in stiffness and loads occur as the structure deforms. 
In most of the structures, both nonlinearities are involved and in the current work, both the 
material and geometric nonlinearities are considered. 
7.2 MATERIAL AND GEOMETRIC NONLINEARITIES 
A simple model, which has been used extensively to approximate the inelastic behaviour of 
structural systems and components is the bilinear model shown in Fig 7.2. In this model, 
unloading and subsequent loading are assumed to be parallel to the original loading curve. 
The slope of this curve represents one of the main features of the behaviour of a material, 
namely the modulus of elasticity E. According to this model, strain hardening takes place 
after yielding initiates. The elastic-plastic (elastoplastic) model is a special case of the bilinear 
model where the strain-hardening slope is equal to zero (a=O). The elastoplastic model is 
normally used in the analysis of moment resisting structures. However, for elements and 
structures mainly involving with axial forces, models of inelastic behaviour are significantly 
different. For these structures, it is customary to express the axial force P versus the axial 
elongation 6 in the manner shown in Fig 7.3. Conventionally, tension forces and elongation 
are expressed as positive. A schematic representation of such a hysteretic loop is shown in Fig 
7.3. 
aent 
Fig 7.2 Hysteresis loop for a material with bilinear inelastic behaviour 
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A full cycle of an idealised inelastic deformation curve can be described as follows. Starting 
from an initially unloaded condition, point 0 in Fig 7.3a, the member is first compressed 
axially in an elastic manner, segment OA. Increase of compression force, makes the element 
to buckle at point A. Slender members will experience elastic buckling along plateau AB, for 
which the applied axial force can be sustained while the member deflects laterally. Up to 
point B, the behaviour of the element remains elastic and unloading would proceed along the 
line BAO if the axial compressive force is removed. 
During buckling, bending moment develops along the member. This bending moment is equal 
to the product of the axial force P and the lateral deflection, with the largest value being at the 
point of maximum deflection at mid-span. Eventually, the plastic moment of the member, 
produced by the axial load, is reached at the mid-span, and a plastic hinge starts to develop 
there, point B in Fig 7.3a. The interaction of flexure and axial force on the plastic moment 
must be taken into account to determine the actual value of mid-span deflection, 
corresponding to point B. Along segment BC, further increases in the lateral deflection result 
in greater plastic hinge rotation, i. e., the member develops a 'plastic kink'. Consequently, a 
considerable drop in axial resistance occurs. The relationship between P and 6 is nonlinear, 
partly as a result of the interaction between flexure and axial force and partly as a 
consequence of material nonlinearity. 
Upon unloading, starting at point C, Fig 7.3a, the compression force is removed in an elastic 
manner. After unloading, the member retains some residual axial deformation as well as some 
la teral deflection. When loading the member in tension, the behaviour is first elastic, up to 
point D. Then, at point D the product of the axial force P and the mid-span transverse 
displacement equals the member's induced plastic moment and a plastic hinge forms at mid- 
span. However, this time along segment DE, the plastic hinge rotation acts in the. reverse 
sense to that along segment BC, and the transverse deformation reduces. As a result, 
progressively larger axial forces can be applied. 
The buckled member cannot be brought back to a perfectly straight position before the 
member yields in tension at E, Fig 7.3a. Consequently, when unloaded and reloaded in 
compression, segment FG, the element behaves as a member with an initial defon-nation and 
its buckling capacity, P' , is typically 
lower than the corresponding buckling capacity during 
first loading, that is, Pc,. In further cycles of loading, the value of P, rapidly stabilises to a 
relatively constant value. 
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Start of the application 
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of compressive load 
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a) Typical hysteresis loop of an axially loaded bar element 
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b) Different stages of loading and unloading of an axially loaded bar element 
Fig 7.3 Nonlinear behaviour of an axially loaded bar element 
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Slenderness has a major impact on the ability of an axially loaded member to dissipate 
hysteretic energy. The hysteretic energy is a measure of dissipated energy during one cycle of 
motion and is related to the area enclosed in a hysteretic loop. For a very slender bar element, 
Fig 7.4c, segment OA is short while segment AB is long, resulting in a poor energy dissipation 
capacity in compression. For elements with low and intermediate slenderness ratios, the 
reverse is true and segment AB (i. e., elastic buckling) may not exist. Slenderness has no 
effect on the energy dissipation capacity of the bar in tension. Schematic illustrations of 
simplified hysteresis loops for short, intermediate and long axial elements are shown in Fig 
7.4. 
P 
a) Bar element with very 
small slenderness ratio 
b) Bar element with intermediate 
slenderness ratio 
c) Bar element with large slenderness ratio 
Fig 7.4 Simplified hysteresis loop for bar elements with different slenderness ratios 
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In the current work, both material and geometric nonlinearities are considered in the analysis 
of the barrel vaults. The analysis package LUSAS that is used for. the purpose takes into 
account the changing effect of structural deformation on the structural stiffness and on the 
position of applied loads. 
7.3 NONLINEAR BEHAVIOUR OF THE BARREL VAULTS 
The double layer barrel vaults and most reticular space structures with pin joints are 
composed of bar elements. Bar elements are straight elements that can carry axial forces only. 
While, mostly tensile yielding is significant in the behaviour of rigid jointed structures, 
available literature shows that compressive yielding or buckling is more significant in the 
behaviour of the pin-jointed space structures. Therefore, a nonlinear analysis of the pin- 
jointed space structures such as barrel vaults, should consider a suitable model for the 
behaviour for the elements of the structure, considering both yielding in compression and 
tension. There have been extensive research on the static and dynamic behaviour of bar 
elements. The main factors affecting the inelastic behaviour of a bar are 
" Yield strength of the material, 
" Slenderness ratio of the element and 
e Probable imperfections in the geometry of the element. 
The materials used for the barrel vaults, in practice, are steel, aluminium, timber and so on. 
The material used in the current work, as mentioned in Section 3.6 is steel with yield strength 
of 2.75xIO8 N/M2. In practice, the slenderness ratio for the elements of the barrel vaults may 
vary from 80 to 120. A bar element with a low slenderness ratio has higher compressive 
strength before buckling in comparison with one with larger slenderness ratio. However, it is 
shown [. Schmidt 2000] that the postbuckling behaviour of the elements governs the overall 
inelastic response of the space structures. As Fig 7.4 shows, buckling is accompanied by the 
loss of compressive capacity for an element. The degree of loss of the compressive strength 
after buckling depends on the slenderness ratio of the element. An element with a low 
slenderness ratio has greater compressive capacity, but after buckling it loses a great amount 
of compressive capacity. While for an element with large slenderness ratio the compressive 
strength is relatively low but, on the other hand, the loss of compressive capacity caused by 
buckling is not large in comparison with the compression capacity itself. 
The postbuckling behaviour of bar elements plays a key role in the behaviour of a pin jointed 
system such as a double layer barrel vault especially when the applied loading is of 
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vibrational nature. Loss of compressive capacity of an element causes the reduced 
compressive load to be compensated by adjacent elements. The adjacent elements that may 
have not been designed to meet this situation may yield in compression or tension and, 
consequently, yielding and buckling of more and more elements may occur. The transfer of 
intern al forces from a buckled element to the adjacent elements is called 'force shedding' and 
it has a dynamic nature because it occurs very rapidly. Progressive failure makes the whole 
structure brittle and this brittleness makes the structure vulnerable to unpredictable loads such 
as earthquake loading. 
In the present work, to define the postbuckling behaviour of a bar element the hysteresis loop 
obtained by Ishikawa et al [1997] is used. This hysteresis loop is established by incorporating 
the plastic hinge concept, with the increase of secondary effects due to lateral displacements 
and plastic axial deformations at a hinge as well as the elastic member shortening. 
Postbuckling behaviour curve is approximated by a fully quadratic equation in terms of the 
stress and strain. For a bar with slenderness ratio of 100, the equation for the postbuckling 
behaviour, as suggested by the Ishikawa model, is as follows: 
2 
+3.476 11.62(TE Z7 0.09241 
2+1.189 
=0 
Y) 
7 
(ýy 
Y)+2.1 
(-Y 
y( 
-P 
y 
TY-) - 
7.1 
where cis the compressive stress in the bar, cy is the yield stress of the material of the bar, e 
., 
is the yield strain. The starting point of Eq 7.1 is the is the axial strain due to a and c 
buckling stress of the bar that is selected from the specification of BS 449-2. As explained in 
Chapter 4, the buckling stress in this specification for slenderness ratio of 100 and the 
material defined in Chapter 3, is 139.4 N/M2 . Thus, at the buckling point one may have: 
a= 139.4 
= 0.507 
CY 275 
7.2 
Also, from a consideration of the linear relationship between stress and strain, one may write: 
c=1.394 x 10" 
=0.68x 
10-3 7.3 
E 2.05 x ]0 
where E is the modulus of elasticity. Therefore, 
9u 
-=-= 0.507 7.4 C. v cy 
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The entities e and a correspond to the point A in Fig 7.3. The plateau AB of the stress-strain 
diagram of Fig 7.3 ends at point B defined by: 
ac 
-=0.507 and -=0.83 CY CY 
7.5 
Fig 7.5 Nonlinear behaviour of the bar element with slenderness ratio of 100 as used in the 
analysis 
The part BC in Fig 7.3 represents the Eq 7.1. However, to input information about curve BC 
to the analysis package LUSAS, the curve is substituted by linear segments. The starting and 
ending points of these segments are presented in Table 7.1. Actually, the resulting curve for 
the material nonlinearity of the bar elements used in the present work is illustrated in Fig 7.5. 
7.4 NONLINEAR ANALYSIS METHODS 
There are a large number of nonlinear analysis methods. These methods can be classified into 
different categories. From the point of view of the current work, nonlinear analysis methods 
are divided into two major categories as follows: 
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a Static nonlinear analysis methods 
e Dynamic nonlinear analysis methods 
Table 7.1 Stress and related strains representing the inelastic behaviour of the bar element 
used in the analysis 
F/cy E ýX 
103 Glay 
CrX 10-8 
N/m 2 
1 0.507 0.6801 0.507 1.3943 
2 0.83 1.1127 0.507 1.3943 
3 1 1.3400 0.4135 1.1371 
4 2 2.6829 0.2573 0.7076 
5 3 4.0244 0.2136 0.5874 
6 4 5.3659 0.1894 0.5209 
7 5 6.7073 0.1722 0.4736 
8 6 8.0488 0.1583 0.4353 
9 10 13.4146 0.1150 0.3163 
Both of these families of methods are considered to deal with the inelastic behaviour of a 
structure, with the only difference being in the external action. In the static nonlinear analysis, 
the load is increased gradually and the behaviour of the structure is traced through its 
response. In the dynamic nonlinear analysis, the loading has a predefined pattern and is 
applied on the structure incrementally. The most prominent feature of a nonlinear analysis in 
both static and dynamic cases, is tracing the inelastic behaviour when a sharp and sudden 
change occurs in the behaviour curve. This is the case, especially in the nonlinear behaviour 
of the bar elements. Most of the dynamic nonlinear analysis methods treat every step of a 
dynamic loading as a static nonlinear case. However, the nonlinear dynamic time history 
analysis of multi-degree of freedom lattice systems is currently complex and absolutely case 
dependent. For these systems the nonlinear behaviour is involved in buckling. Treatment of 
the nonlinear behaviour of a structure becomes rather complicated when a response curve of 
the structure involves buckling or strength degradation. Furthermore, when an element is 
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loaded until buckling and unloaded and again loaded, the hysteresis curves for the first and 
the subsequent cycles of the loading are not the same. So, defining a full history of nonlinear 
behaviour for the elements of a structure is impractical to achieve. 
The dynamic nonlinear methods are introduced in Chapter 2 and will not be discussed here 
again. However, because of the above-mentioned problem with the dynamic nonlinear 
methods, in the present work, a recently developed approach is used. This approach, which is 
classified as static nonlinear analysis, is named the 'pushover analysis' and is used for 
assessing the seismic response of structures. This procedure, has been accepted by some 
updated codes such as FEMA-273, "NEHRP Guidelines for the Seismic Rehabilitation of 
Buildings" and ATC-40, "Seismic Evaluation and Retrofit of concrete Buildings". 
7.4.1 Pushover Analysis 
Recent developments have suggested a performance-based procedure for the analysis of 
structures. This procedure requires the determination of the demand and capacity for a 
structure. Demand is represented by the earthquake ground motion and its effects on a 
particular structure. Capacity is the ability of the structure to resist the seismic demand. In 
order to estimate the structure's capacity beyond the elastic limit, a static nonlinear analysis, 
called pushover analysis is performed. In this approach a static nonlinear analysis is carried 
out to establish the capacity curve of a structure. A point on the curve defines a specific 
damage state for the structure, since the deformation for all components can be related to the 
global displacement of the structure. By correlating this capacity curve to the seismic demand 
generated by a specific earthquake, a point can be found on the capacity curve that estimates 
the maximum displacement (effect) of the structure that the earthquake will cause. This 
defines the performance point or target displacement. The location of this performance point 
relative to the performance levels defined by the capacity curve indicates whether or not the 
performance objective is met. An overview of the pushover analysis can be presented as 
follows: 
1. A static nonlinear analysis is carried out for an increasing load path. The load direction 
(horizontal or vertical) is dependent on the direction of the earthquake action to be 
investigated. 
2. A curve representing the displacement of a critical node versus an increasing load or 
any other earthquake effect, such as base shear, is established. This curve is called 
capacity curve of the structure. 
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3. A dynamic linear analysis of the structure is performed for a specific earthquake and 
the displacement of the critical node determined in step 2, is estimated. The 
displacement of the critical node under the action of the specified earthquake is called 
the 'seismic demand'. 
4. The position of the earthquake demand is investigated in the capacity curve. This will 
show, whether the seismic demand, caused by the earthquake, is in the elastic range, 
plastic range or failure range of the structure. 
In the present work, two sets of pushover analyses are performed for the barrel vaults. One set 
of these analyses is for the horizontal earthquake effects and the other is for the vertical 
earthquake effects. 
7.4.2 Static Nonlinear Analysis Techniques 
A static nonlinear analysis is accomplished by using several techniques. Among these 
techniques, two families are widely recognised and used. These techniques, which are briefly 
explained in the sequel, are as follows: 
9 Newton-Raphson approach 
9 Arc-length approach 
7.4.2.1 Newton-Raphson Approach 
Newton-Raphson methods are widely used in nonlinear finite element analysis. These 
methods are known as 'residual force methods' because they are based on minimising the out- 
of-balance, or residual forces in the system. Several residual force methods are used 
depending on the frequency of stiffness matrix updates. These methods are: 
9 Tangential stiffness or the basic Newton-Raphson method 
9 Initial stiffness or the KI modified Newton-Raphson method 
o Tangential/ Initial stiffness or the K2 modified Newton-Raphson method. 
The basic Newton-Raphson. method uses an updated and freshly reassembled stiffness matrix 
per iteration. This method has rapid convergence and is more stable than the two latter 
methods, especially for elasto-plastic problems. However, the effort required for computation 
is considerable. Fig 7.6a illustrates schematically the procedure for this method. 
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(D 
L) 
a) Tangential stiffness solution procedure (Basic Newton-Raphson method) 
C) 
0 
Displacement 
b) Initial stiffness solution procedure (Ki modified Newton-Raphson method) 
U 
Displacement 
c) Tangential/ Initial stiffness solution procedure (K2 modified Newton-Raphson 
method) 
Fig 7.6 Newton-Raphson methods for static nonlinear analysis 
The KI modified Newton-Raphson method determines the stiffness matrix at the beginning of 
each load increment and holds it constant throughout the load step. So, in every load 
increment, the assembly of the matrix is done once at the first iteration. However, residual 
force vectors are determined per iteration. This method is computationally efficient, but needs 
more iteration for convergence as compared with the basic Newton-Raphson method. Fig 7.6b 
illustrates this method schematically. 
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In the K2 modified Newton-Raphson method, the stiffness matrix is modified at the initial 
two iterations for each load increment and thereafter it is held constant. The additional 
stiffness matrix update yields better convergence for this method as compared with the KI 
method. Fig 7.6c shows this method schematically. 
Newton-Raphson methods are also called the 'constant force level methods', because the 
force level in each increment is constant. 
7.4.2.2 Arc-length Approach 
A Newton-Raphson method will not converge when any kind of strength reduction or 
stiffness degradation exists in the inelastic behaviour of an element, see Fig 7.7. To overcome 
this drawback, more versatile methods called the 'arc-length methods' are introduced. All of 
these behaviour curves can be dealt with by the arc-length method. 
The salient characteristic of the arc-length method is that the load level does not remain 
constant during each load increment, i. e. during the iteration procedure the load level is 
modified so that convergence near limit point may be achieved. This method is applicable 
even when the limit point has a kink or cusp, see Fig 7.7b. Fig 7.8 illustrates this method 
schematically. This method can be described, in general, as a displacement control method. In 
this method, for every load increment an arc with specified length L is defined. The load 
increment AP is applied to the element assuming that its modulus of elasticity is tangent to the 
behaviour curve at the start of the increment, that is line AB. The resulting, deflection 61 is 
obtained on the curve and the tangent modulus of elasticity at point C is calculated, that is, 
line CD. The next iteration will start by finding the intersection of the tangent line CD and the 
arc BD, that is, point D. The procedure is repeated as many times as required to converge to a 
point on the behaviour curve, that is, point E. The next step will be the introduction of another 
arc and performing the same procedure as described above. 
In the present work, the arc-length method is used to overcome the strength reducing 
characteristics of the postbuckling behaviour of the elements of the barrel vaults. 
7.5 DUCTILITY 
Ductility may be defined as the capability of a structure to undergo substantial deformations 
at nearly constant load without suffering excessive damage or loss of strength in the cace of 
subsequent load applications. In contrast, brittleness involves the failure of the material, under 
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approximately the same level of loading for yielding, without undergoing further deformation. 
Load 
p 
a) Snap-through type behaviour 
Load 
p 
b) Snap-back type*behaviour 
Load 
p 
c) Brittle collapse model 
Fig 7.7 Types of nonlinear curves involved with strength reduction or stiffness degradation 
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Load 
p 
P2 
pi 
Fig 7.8 Schematic procedure of the arc-length method 
Ductility or brittleness of a structure is generally related to inelastic behaviour of the structure. 
For some types of materials and structural members, ductility is difficult to achieve and 
economy dictates designing for relatively high capacity, while for others providing ductility is 
much cheaper than providing more capacity. 
Ductility is usually expressed in terms of displacements in the structure. The ductility 
characteristics of a structure, is normally indicated by the 'ductility factor'. Ductility factor is 
the ratio of the maximum displacement of a structure before collapse to its yield displacement. 
According to Fig 7.9, the ductility factor p of a structure or as it is sometimes called, the 
'ductility supply' ps,, pply, can be written as follows: 
JusupplY - 
uv 
7.6 
Where, u,, is the maximum nonlinear displacement and uy is the yield displacement, that is, 
the displacement corresponding to the yield force. The ductility factor is a useful indicator of 
the amount of inelasticity expected to develop in a structure subjected to a given motion. For 
instance, a ductility factor of 4 means that the inelastic (plastic) displacement will be equal to 
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three times the yield displacement, see Fig 7.9. The larger the ductility factor of a structure, 
the larger is the energy dissipation characteristics of the structure. 
The ratio of the maximum displacement of an external loading to the yield displacement is 
called the 'ductility demand' and is expressed as: 
u 
PDemand "": - 
uy 
7.7 
where u, is the maximum elastic deformation and uy is the yield displacement. An adequate 
design is accomplished when a structure is dimensioned and detailed in such a way that the 
local ductility demands, i. e. energy dissipation demands, are smaller than their corresponding 
capacity or ductility supply, that is, 
IjDemand '5 PSupply 
Fig 7.9 Elastic and plastic displacements in a structure 
7.8 
Most of the current codes introduce a strength reduction factor to design iseismic structures. 
This factor is related to the ductility factor of the structure. However, this relationship is 
ambiguous because, it is difficult to establish a direct relationship between reduction factor 
and the ductility factor. During the past 30 years, strength reduction factor has been studied by 
numerous researchers [Zhu et al 2000]. The reduction factor is generally used to reduce the 
elastic demand for earthquake action. 
In the current work, the reduction factor used by Eurocode 8 is discussed. In this code, in 
Parts I -I and 2, an expression, similar to the reduction factor, named 'behaviour factor q' is 
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suggested as follows: 
q+( ljspp ly _l) 
T 
for T :5 To 7.9 0.7 
and 
q= us,, ppiy for T> To 7.10 
where T is the period of the structure and To is a constant value of 0.7 sec. 
7.6 PUSHOVER ANALYSIS RESULTS 
To determine the damage level caused by earthquakes, a nonlinear static analysis for both the 
horizontal and vertical directions are carried out for the barrel vaults. The results of nonlinear 
static analysis as well as the linear dynamic analyses are compared and the results are 
discussed. 
7.6.1 Horizontal Earthquake Effects 
To investigate the inelastic response of the barrel vaults for the horizontal components of the 
earthquakes, at first a nonlinear static analysis for the barrel vaults with rise to span ratios of 
0.15,0.30 and 0.45 and support conditions A and B are carried out. The effects of the 
buckling of the elements of the barrel vaults on the overall behaviour of the structures are 
discussed. The results of the linear dynamic analysis for the critical elements and nodes are 
compared with the nonlinear static analysis results. Finally, the ductility factors of the barrel 
vaults are calculated and some recommendations are made 
7.6.1.1 Nonlinear Static Analysis Results 
The nonlinear behaviour adapted for the elements of the barrel vaults is as described in 
Section 7.2. In the analysis, two loadings are applied to the barrel vaults simultaneously. 
These are dead load and horizontal loads that are applied to the upper layer joints of the barrel 
vaults. The analysis is continued up to the point that the stability of the structure vanishes. 
The capacity of a barrel vault is taken to be the load that the structure can endure before any 
node becomes instable. Figs 7.10a to 7.15a show the horizontal displacements of the nodes 
that become instable first. The overall behaviour of such a node is nonlinear, and before total 
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instability or collapse, the slope of the displacement curve of the node changes. Each change 
in the behaviour curve of a critical node is related to buckling in a member of the barrel vault. 
Fig 7.1 Oa shows the response of the barrel vault with rise to span ratio of 0.15 and support 
conditions A, at node 74 under the combination of dead and horizontal loads. Node 74 is the 
first node that loses its stability in the barrel vault. In Fig 7.10a, there are two major changes 
in the response curve, that is, at points C, and C2, caused by the buckling of some elements in 
the barrel vault. Also, the collapse point of the barrel vault, that is, point C-?, is shown in Fig 
7.10a. At point C3 node 74 snaps and the barrel vault loses its stability and cannot bear more 
loads. Fig 7.10b shows the axial force changes for a buckled element, that is, element 238. In 
this figure, the axial force in element 238 increases up to a point H, (at pint G another element 
buckles and the slope of the response curve for the element changes but it can still carry more 
load, this will be explained in more detail later). After point H, element 238 buckles and 
cannot carry more load. This causes the increasing external loads to be distributed amongst 
other elements. However, at point K, element 238 loses part of its strength. This causes the 
lost capacity to be provided by the to other elements. This redirection has a dynamic nature. 
This effect is shown in the final part of the response curve as part KL. The lost capacity of an 
element should be carried by the other elements and if they have no extra reserve capacity, the 
structure will collapse. The collapse occurs at point C3 of Fig 7.10a or point L in Fig 7.10b. 
Actually, there are other minor changes of the slope in the response curve. However, for 
clarity they are not shown. Referring to Fig 7.10a, it should be mentioned that, the point C1, 
C2 and C3 on the response curve are relatively close to each other. To wit, the load carried by 
the structure at point C, is over 1500 kN and the collapse load is over 1700 kN. The same 
situation prevails in relation to Figs 7.1 la to 7.15a. This means that the barrel vaults are 
relatively brittle rather than being ductile. 
In Figs 7.1 Ob to 7.15b, the increase of axial force versus the horizontal base shear is shown. 
These figures show that the axial forces of the critical elements remain constant after buckling 
up the point of the collapse of the barrel vault. In fact, the plateau in the axial force-base shear 
diagram is corresponding to the plateau AB in Figs 7.3 and 7.5. Another interesting result of 
the pushover analysis is that it shows how a buckled element affects the other elements. For 
example, in Fig 7.13c, the change of axial force in element 162 is illustrated. At point G, see 
Fig 7.13c, the rate of the increase in the axial force of the element changes. This change is the 
consequence of the buckling of element 143. And, as Fig 7.13d shows, after buckling of 
element 143, element 162 cannot bear more axial force. Therefore, the externally induced 
forces are carried by the other element. 
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7.6.1.2 Linear Dynamic Analysis Results 
The linear dynamic analysis of the barrel vaults with rise to span ratios of 0.15,0.30 and 0.45 
with support conditions A and B are carried out under the horizontal components of the 
specified earthquakes. The results of these analyses for the critical nodes and elements as 
shown in Figs 7.1 Oa to 7.15a are also tabulated for comparison. Tables 7.1 a to 7.6a show the 
horizontal displacements of the critical nodes for the indicated earthquakes. Tables 7.1b to 
7.6b represent different stages of the horizontal displacements of the critical nodes in 
nonlinear static analyses. In each table, the second row represents the yield dispUcement of the 
critical node and the third row represents the collapse displacement of that node. Eventually, 
Tables 7.1a to 7.6a and 7.1b to 7.6b make it possible to compare the results of the linear 
dynamic analyses with the nonlinear static analysis. In Tables 7.1a to 7.6a the horizontal 
displacement of a critical node induced by each of the earthquakes iS'given with the yield and 
collapse displacement from the nonlinear static analyses. If ýhe earthquake-induced 
displacement is smaller than the yield displacement, it means that there will be no buckling 
due to that earthquake. If the earthquake-induced displacement is larger than the yield 
displacement but smaller than the collapse displacement, it means that although some 
elements in the barrel vaults may buckle, but the structure as a whole does not fail. Finally, if 
the earthquake-induced displacement is larger than the collapse displacement, it means that 
the structure will fail due to that earthquake. 
As Tables 7.1 a and 7.1 b show, for the barrel vault with rise to span ratio of 0.15 and support 
conditions A, the earthquake-induced displacements are under the yield displacement of the 
critical node, that is, node 74. This means that, the earthquakes with PGA=I. Og could not 
make the elements of this barrel vault buckle. This finding is in compliance with the 
findings of Chapter 5 that are represented in Table 5.7. 
Tables 7.2a and 7.2b show that, for the barrel vault with rise to span ratio of 0.30 and support 
conditions A, the horizontal displacements of node 92 under the horizontal action of two 
earthquakes, namely Coaling and Tabas, are larger than the collapse displacement of that 
node. Therefore, this barrel vault will collapse under these earthquakes. This fact can also be 
seen from Table 5.8. This table shows that under the action of the Coaling earthquake, some 
elements, such as 258,259,296 and 339 undergo buckling. It is important to note that some 
of the earthquakes, such as Northridge with real PGA will cause this barrel vault to fail, as 
well. 
Tables 7.3a and 7.3b show that some earthquakes, namely Coaling and Tabas, will cause 
failure in the barrel vault with rise to span ratio of 0.45 and support conditions A. 
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Furthermore, this barrel vault will not be safe under other earthquakes, such as Cape 
Mendocino and Northridge with unscaled peak ground accelerations. . 
Tables 7.4a and 7.4b show that the barrel vault with rise to span ratio of 0.15 and support 
conditions B will experience collapse under the Tabas earthquake. However, the actual PGA 
for the Tabas earthquake is lower than 1.0g. On the other hand, some other earthquakes with 
actual PGA's such as Northridge will cause the failure of this barrel vault. 
Tables 7.5a and 7.5b show that four earthquakes cause failure of the barrel vault with rise to 
span ratio of 0.30 and support conditions B. These four earthquakes are Coaling, ]Imperial 
Valley, Northridge and Tabas with scaled PGA. Some other earthquakes, such as Cape 
Mendocino and Chi-Chi will force the barrel vault to enter the nonlinear region without 
overall collapse. However, the Cape Mendocino earthquake with real PGA will make the 
barrel vault to collapse. 
Tables 7.6a and 7.6b show that the barrel vault with rise to span ratio of 0.45 and support 
conditions B is vulnerable under most of the earthquakes with PGA's equal to 1.0g. Even the 
Cape Mendocino earthquake with actual PGA will make this barrel vault to collapse. 
As a result, it becomes clear that the barrel vaults are vulnerable under the horizontal action of 
the earthquakes with PGA's equal to 1.0g. Therefore, if it is known that a barrel vault will 
experience such a severe ground motion, depending on the site characteristics, it should be 
designed in such a way to be safe during the ground motion. 
7.6.1.3 Ductility Factors 
Ductility factor is a measure of the damage that a structure will experience during a strong 
ground motion. The structure with a higher ductility factor can withstand more strong ground 
motions. The inherent ductility of a structure is defined by the ductility supply and it is 
measured as the ratio of the collapse displacement of the critical node to the yield 
displacement of that node. These ratios have been calculated for the barrel vaults and are 
given in Tables 7.1 b to 7.6b. 
On the other hand, the severity of the effects of an earthquake is measured by the ductility 
demand. Ductility demand is the ratio of the maximum displacement of the critical node to the 
yield displacement of that node. These ratios are calculated for various earthquakes and are 
given in Tables 7.1 a to 7.6a in column six. 
A comparison between the ductility supply and the ductility demand will show how safe a 
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structure is under a specific earthquake. For a safe structure, the ductility supply should be 
larger than the ductility demand. 
Tables 7.1 a and 7.1 b show that the ductility demands for all of the earthquakes are less than 
the ductility supply for the barrel vault with rise to span ratio of 0.15 and support conditions 
A. This means that this barrel vault is safe under the specified earthquakes. 
Tables 7.2a and 7.2b show that the ductility demands for two earthquakes (shown in thicker 
fonts) are more than the ductility supply of the barrel vault with rise to span ratio of 0.30 and 
support conditions A. Therefore, these earthquakes will cause the barrel vault to collapse. 
Tables 7.3a and 7.3b show that the ductility demands for two earthquakes, namely Coaling 
and Tabas, are more than the ductility supply for the barrel vault with rise to span ratio of 0.45 
and support conditions A. This means that, the structure will fail under these two earthquakes. 
Tables 7.4a and 7.4b show that the ductility demand for the Tabas earthquake is more than the 
ductility supply of the barrel vault with rise to span ratio of 0.15 and support conditions B. 
Therefore, only the Tabas earthquake will cause the barrel vault to collapse. 
Tables 7.5a and 7.5b show that the ductility demands of four earthquakes, namely, the 
Coaling, Imperial Valley, Northridge and Tabas earthquakes, exceed the ductility supply for 
the barrel vault with rise to span ratio of 0.30 and support conditions B. As a result, this barrel 
vault is vulnerable under these four earthquakes. 
Tables 7.6a and 7.6b show that the ductility demands for most of the earthquakes are larger 
than the ductility supply for the barrel vault with rise to span ratio of 0.45 and support 
conditions B. Consequently, this barrel vault will fail under these earthquakes. 
The ductility factors for the barrel vaults with support conditions A and B are given in Figs 
7.16 and 7.17, respectively. These figures show the positions of ductility demands and 
ductility supply (shown_by a line) for different earthquakes and barrel vaults. Fig 
- 
7.16 
- 
shows 
that for the barrel vaults with support conditions A, the ductility demands of most of the 
earthquakes lie under the ductility supply line. However, there are some earthquakes that their 
ductility demands exceed the ductility supply limit. The situation is worse for the barrel vault 
with support conditions B. For these barrel vaults, the ductility demands for a larger number 
of earthquakes exceed the ductility supply. 
An adequate design is accomplished when a structure is dimensioned and detailed in such a 
way that the ductility demands are smaller than the ductility supply. To achieve this, the 
earthquake loading, beside other loadings, should be considered in the design of the barrel 
vaults. The ductility supply is, generally, in the range of 3 to 6 for a typical steel structure. 
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The maximum ductility supply for the barrels vault studied in the present work is around 1.2, 
as shown in Tables 7.1b to 7.6b. A ductility supply of 1.2 for a structure means that the 
structure is rather brittle. The main reason for the brittleness of the barrel vaults, as explained 
in Sections 7.2,7.3 and 7.5, is that the behaviour of the barrel vaults are governed by the 
buckling of the elements. In the case of all the barrel vaults considered in the present work the 
ultimate failure is due to progressive collapse initiated by member buckling. It is well known 
that a structure that is prone to this kind of collapse has a brittle behaviour. 
The ductility supply for a brittle structure is taken as one and. such a structure is dimensioned 
and detailed to remain elastic for all appropriate loads and their combinations. Consequently, 
it is prudent to take the ductility supply for the barrel vaults as one. The barrel vault should 
then be designed so that for every expected combination of loading their response remains 
elastic. Of course, this will make the barrel vaults stiff and heavy. However, the careful 
specification of environmental loadings, such as snow, wind and earthquake loads by local 
authorities can remedy this problem. 
The fact that the barrel vault should be designed in the elastic range may also be deduced 
through a different route. To elaborate, as stated in Section 7.3, Eurocode 8 introduces a 
reduction factor q for the earthquakes that can be calculated from Eqs 7.9 and 7.10. For the 
barrel vaults, whose periods of the dominant modes are less than 0.7 seconds, Eq 7.9 should 
be used as follows: 
q+ (11S. Pply _I)T 
for T :ý0.7 sec 0.7 
The maximum period of the dominant mode of the barrel vaults, in the present work, is 0.186 
seconds, see Tables 4.2 to 4.9, and the maximum ductility supply of the barrel vaults is 1.22, 
see Tables 7.1 to 7.6. Therefore, 
q =1+(1.22-1) 
0*186 
= 1.06 0.7 
It is seen that this value is close to 1.0. Therefore, the reduction factor or the behaviour factor 
for the barrel vaults can be assumed as 1.0. This means that the calculated earthquake loading 
would not be diminished due to ductility supply and the structure will not experience 
nonlinear response. As a result, Eqs 5.16 and 5.17 for the equivalent base shears of the 
earthquakes need not be modified for the ductility factors of the barrel vaults. However, these 
equations may be modified according to the design earthquake of the site of a barrel vault as 
well as the economic considerations. 
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Table 7.1 a Demand ductility for the barrel vault with rise to span ratio of 0.15 and support 
conditions A under the combination of dead load and horizontalearthquake action 
Symbols Horizontal Axial force Ductility 
Earthquake used in 
displacement in element demand 
Fig 7.16 of node 74 237 (PDemand) (cm) (kN) 
I Cape M 0.60 40.1 0 46 Mendocino . 
2 Chi-Chi A 0.31 20.9 0.24 
3 Coaling 0.75 46.1 0.57 
4 Gazli X 0.93 60.7 0.71 
5 Imperial 0.65 42.3 0 50 Valley . 
6 Kobe 0.49 29.6 0.37 
7 Landers + 0.75 53.6 0.57 
8 Loma Prieta 0.54 33.6 0.41 
9 Nahanni 0.56 35.1 0.53 
10 Northridge 11 0.54 33.6 0.41 
11 San Fernando 0 0.72 42.2 0.55 
Tabas, 0 1.15 69.3 0.88 
Table 7.1 b Ductility supply for the barrel vault with rise to span ratio of 0.15 and support 
conditions A under the combination of the dead load and horizontal loading 
Critical Horizontal displacement Horizontal base 
of node 74 shear response (cm) (kN) 
I Yield 1.3 1' 1509.0 
2 Collapse 1.57 1720.8 
Ductility 
3 supply 1.20 -- 
(PS-Pply) 
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Table 7.2a Demand ductility for the barrel vault with rise to span ratio of 0.30 and support 
conditions A under the combination of dead load and horizontal'earthquake action 
Earthquake 
Symbols 
used in 
Fig 7.16 
Horizontal 
displacement 
of node 92 
(cm)) 
Axial force 
in element 
258 
(kN) 
Ductility 
demand 
(IdDemand) 
I Cape Mendocino M 0.42 40.2 0.55 
2 Chi-Chi AL 0.34 35.1 0.44 
3 Coaling 1.22 110.0 1.58 
4 Gazli X 0.43 41.2 0.56 
5 Imperial Valley 0.39 39.0 0.51 
6 Kobe A 0.45 45.0 0.58 
7 Landers + 0.49 43.0 0.64 
8 Loma Prieta 0.46 44.5 0.60 
9 Nahanni 0.59 54.6 0.77 
10 Northridge 0 0.51 47.5 0.66 
11 San Fernando 0 0.48 45.6 0.62 
12 Tabas 0 jj 7 105.4 1.52 
Table 7.2b Ductility supply for the barrel vault with rise to span ratio of 0.30 and support 
conditions A under the combination of the dead load and horizontal loading 
Critical Horizontal displacement Horizontal base 
of node 92 shear response (cm) (kN) 
Yield 0.77 1185.2 
2 Collapse 0.92 1324.5 
Ductility 
3 supply 1.19 -- 
(/JS. PPIY) 
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Table 7.3a Demand ductility for the barrel vault with rise to span ratio of 0.45 and support 
conditions A under the combination of dead load and horizontal *earthquake action 
Symbols Horizontal Axial 
force Ductility 
Earthquake used in 
displacement in element demand 
of node 92 258 Fig 7.16 (cm) (kN) 
(jJDenwnd) 
I 
Cape 0.50 47.1 0.68 
Mendocino 
2 Chi-Chi A 0.34 37.0 0.46 
3 Coaling 1.51 143.1 2.04 
4 Gazli X 0.56 53.1 0.76 
5 Imperial 0 0.45 41.2 0.61 Valley 
6 Kobe 0.46 46.8 0.62 
7 Landers + 0.57 54.8 0.77 
8 Loma Prieta, 0.65 60.8 0.88 
9 Nahanni 0.67 62.4 0.91 
10 Northridge 11 0.70 65.6 0.95 
11 San Fernando 0 0.48 45.4 0.65 
1 Tabas 0 1.32 125.1 1.78 
Table 7.3b Ductility supply for the barrel vault with rise to span ratio of 0.45 and support 
conditions A under the combination of the dead load and horizontal loading 
Horizontal displacement Horizontal base Critical 
of node 92 shear 
response (cm) (kN) 
I Yield 0.74 1031.4 
2 Collapse 0.90 1162.9 
Ductility 
3 supply 1.22 -- 
I (PS-PPI)d 
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Table 7.4a Demand ductility for the barrel vault with rise to span ratio of 0.15 and support 
conditions B under the combination of dead load and horizontal *earthquake action 
Earthquake 
Symbols 
used in 
Fig 7.16 
Horizontal 
displacement 
ofnodel9 
(cm) 
Axial force 
in element 
143 
(kN) 
Ductility 
demand 
(, UDenwnd) 
I Cape Mendocino 0 0.63 67.8 0.52 
2 Chi-Chi A 0.41 45.5 0.34 
3 Coaling 1.16 110.9 0.95 
4 Gazli X 0.96 92.8 0.79 
5 Imperial Valley 0.54 58.7 0.44 
6 Kobe 0.71 72.0 0.58 
7 Landers + 0.81 81.9 0.66 
8 Loma Prieta 0.85 85.6 0.70 
9 Nahanni 0.82 84.0 0.67 
10 Northridge 11 0.87 88.2 0.71 
11 San Fernando 0 0.64 66.9 0.52 
1 Tabas 0 1.46 139.1 1.20 
Table 7.4b Ductility supply for the barrel vault with rise to span ratio of 0.15 and support 
conditions B under the combination of the dead load and horizontal loading 
Critical Horizontal displacement Horizontal base 
of node 19 shear response (cm) (kN) 
I Yield 1.22 1285.9 
2 Collapse 1.45 1431.3 
Ductility 
3 supply 1.19 -- 
(PS-Pply) 
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Table 7.5a Demand ductility for the barrel vault with rise to span ratio of 0.30 and support 
conditions B under the combination of dead load and horizontal earthquake action 
Symbols Horizontal Axial force Ductility 
Earthquake used in 
displacement in element demand 
of node 19 143 Fig 7.16 (cm) (kN) 
(PDemand) 
I Cape M 3.50 114.7 1.06 Mendocino 
2 Chi-Chi A 3.35 109.8 1.02 
3 Coaling 3.99 130.2 1.21 
4 Gazli X 2.88 96.8 0.87 
5 Imperial 4.39 139.9 1.33 Valley 
6 Kobe 3.06 100.4 0.93 
7 Landers + 2.40 83.3 0.73 
8 Loma Prieta 3.01 97.9 0.91 
9 Nahanni 2.35 81.2 0.71 
10 Northridge 0 4.13 131.4 1.25 
11 San Fernando 0 3.26 107.4 0.99 
Tabas, 0 4.19 135.0 1.27 
Table 7.5b Ductility supply for the barrel vault with rise to span ratio of 0.30 and support 
conditions B under the combination of the dead load and horizontal loading 
Critical Horizontal displacement 
Horizontal base 
ofnodel9 shear response (cm) (kN) 
Yield 3.30 667.9 
2 Collapse 3.75 704.9 
Ductility 
3 supply 1.14 -- 
(IJSUPPIY) I 
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Table 7.6a Demand ductility for the barrel vault with rise to span ratio of 0.45 and support 
conditions B under the combination of dead load and horizontalearthquake action 
Earthquake 
Symbols 
used in 
Fig 7.16 
Horizontal 
displacement 
of node 73 
(cm) 
Axial force 
in element 
45 
(kN) 
Ductility 
demand 
(, "Denwnd) 
I Cape Mendocino M 5.69 92.2 0.90 
2 Chi-Chi A 10.53 164.1 1.67 
3 Coaling 10.01. 155.8 1.58 
4 Gazli X 8.16 131.7 1.29 
5 Imperial Valley 8.75 137.1 1.38 
6 Kobe 14.61 225.9 2.31 
7 Landers + 3.03 51.7 0.48 
8 Loma Prieta 10.70 169.6 1.69 
9 Nahanni 4.01 66.0 0.63 
10 Northridge 0 9.37 148.4 1.48 
11 San Fernando 0 7.90 122.7 1.25 
12 Tabas 
J 
0 
- 
11.91 181.5 1.88 
Table 7.6b Ductility supply for the barrel vault with rise to span ratio of 0.45 and support 
conditions B under the combination of the dead load and horizontal loading 
Critical Horizontal displacement Horizontal base 
of node 73 shear response (cm) (kN) 
I Yield 6.32 432.5 
2 Collapse 7.12 467.9 
Ductility 
3 supply 1.13 -- 
(PS-Pply) 
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7.6.2 VerticaI Earthquake Effects 
To investigate the inelastic response of the barrel vaults due to the vertical components of the 
earthquakes, the pushover analysis method is performed. A nonlinear static analysis is carried 
out for each of the barrel vaults for the combination of dead load and vertical earthquake 
loading and the collapse displacements for the critical nodes are found. In the sequel, the 
results of the linear dynamic analysis of the earthquakes for the critical nodes are compared 
with the collapse displacements. Also, the ductility factors of the barrel vaults in the vertical 
direction are calculated and some suggestions are given. 
7.6.2.1 Nonlinear Static Analysis Results 
The nonlinear behaviour of the individual elements of the barrel vaults are described in 
Section 7.2. Subsequently, through the analysis, both the material and geometric 
nonlinearities are considered. To carry out the nonlinear static analysis, two loadings are 
applied to the barrel vaults, namely, the dead load and the vertical earthquake load. Both the 
loads are uniformly distributed over the upper layer nodes of a barrel vault. The first node that 
becomes unstable in the nonlinear static analysis is chosen as the critical node. This node, 
normally, has the maximum vertical displacement and this displacement is taken as a measure 
of nonlinear response of the barrel vault. Figs 7.18 to 7.25 show the vertical displacements of 
the critical nodes of the barrel vaults versus vertical base shears. These figures show that the 
collapse of a barrel vault happens after buckling of a number of elements. Every buckling of 
an element makes a sudden change in the slope of the displacement curve of the critical node. 
In these figures, to avoid congestion, only the positions of buckling of few initial elements are 
shown. These figures show that although the collapse displacements of the nodes are different 
for different barrel vaults, they all are close to the yield displacements. 
7.6.2.2 Linear Dynamic Analysis Results 
To compare the earthquake effects, a series of linear dynamic analyses are carried out for the 
barrel vaults. In these analyses, the effects of the dead load and the vertical components of the 
earthquakes are combined. Tables 7.8a to 7.15a show the resulting vertical displacements of 
the critical nodes of the barrel vaults under the combination of the dead load and the vertical 
earthquake loading. These tables show that the vertical displacements of the barrel vaults with 
support conditions B are smaller than the corresponding ones with support conditions A. 
However, the barrel vaults with support conditions B have a smaller number of supports and 
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one may have imagined that they should be more flexible. But, since in the design procedure 
the barrel vaults with support conditions B are dimensioned for the combination of dead and 
snow loadings, the barrel vaults with support conditions B are stiffer than the barrel vaults 
with support conditions A. Tables 7.8b to 7.15b show the static nonlinear analysis results. In 
each of these tables, the yield displacement is given in the first row and the collapse 
displacement is given in the second row. Comparison of vertical displacements of the critical 
nodes resulting from dynamic analysis for earthquakes with the results of the nonlinear 
analysis for the barrel vaults show that none of the barrel vaults is likely to fail under the 
earthquakes with specified PGA. However, the barrel vault with rise to span ratio of 0.00 and 
support conditions A experiences yield displacement under the Northridge earthquake. Also, 
the barrel vaults with rise to span ratio of 0.15 and support conditions A and B experience 
nonlinear displacements under the action of the Imperial Valley earthquake without 
collapsing. However, these barrel vaults are prone to collapse if the unscaled peak ground 
accelerations are considered in the analysis. 
7.6.2.3 Ductility Factors 
For all the barrel vaults, the ductility supplies are shown in Tables 7.8b to 7.15b. Also, the 
ductility demands are given in Tables 7.8a to 7.15a. The comparison of the ductility supply 
and ductility demands for every single barrel vault shows that, the ductility supply is not 
exceeded by the ductility demands for the earthquakes. This means that the barrel vaults are 
not vulnerable to the vertical action of the earthquakes. Tables 7.8b to 7.15b show that the 
ductility supplies are rather low for all the barrel vaults. As Table 7.7 shows, the ductility 
factors are close to one and this means that the barrel vaults are brittle in the vertical direction. 
Therefore, in practice, it is recommended that the ductility factor for the barrel vault to be 
taken as one, as is the custom for brittle structures. 
As stated in Section 7.3, Eurocode 8 introduces a behaviour factor or a reduction factor q for 
the earthquake loading that can be calculated from Eqs 7.9 and 7.10. Since for the all barrel 
vaults studied in this work the periods of the dominant vertical modes are less than 0.7 
seconds, Eq 7.9 is used. The results of using Eq 7.9 are shown in Table 7.7. In this table the 
periods of the dominant vertical modes are presented in Columns 4 and 7 for the barrel vaults 
with support conditions A and B, respectively. Using Eq 7.9, the calculated behaviour factors 
q are given in columns 5 and 8 of Table 7.7. The results imply that the behaviour factors q are 
close to 1. Therefore, from a practical engineering viewpoint, it can be concluded that the 
behaviour factor for the barrel vaults may be taken as one. As a result, Eqs 6.14 and 6.15 for 
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the equivalent vertical base shears of the earthquakes need not to be modified for the ductility 
factors of the barrel vaults. Nevertheless, these equations still may need to be modified 
according to the design earthquake of the relevant site and acceptable damage level of a barrel 
vaults. Design earthquake is defined as an earthquake whose PGA is 2/3 of the 'maximum 
considered earthquake' for a site. The maximum considered earthquake NICE is an earthquake 
with a specified return period, for instance 2500 year for ordinary structures or with 2% 
probability of occurrence in 50 years. The local authorities responsible for the geoseismic 
considerations should determine these earthquakes. 
Table 7.7 Behaviour factors for the vertical directions of the barrel vaults 
WS 
Support conditions A Support conditions B 
PSUPPly T q PSUPPly T q 
1 0.00 1.17 0.231 1.06 1.14 0.218 1.04 
2 0.15 1.16 0.107 1.02 1.18 0.111 1.03 
3 0.30 1.34 0.069 1.03 1.20 0.061 1.02 
4 0.45 1.11 0.161 1.03 1.12 0.153 1.03 
5 Average 1.20 1.04 1.16 1.03 
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Table 7.8a Ductility demands for the barrel vault with rise to span ratio of 0.00 and support 
conditions A under the combination of dead load and vertical earthquake action 
Earthquake 
Vertical 
displacement of 
node 72 
(cm) 
Ductility 
demand 
(PDemand) 
I Cape Mendocino 3.95 0.40 
2 Chi-Chi 5.34 0.54 
3 Coaling 5.30 0.54 
4 Gazli 5.03 0.51 
5 Imperial Valley 4.78 0.49 
6 Kobe 4.83 0.49 
7 Landers 3.55 0.36 
8 Loma Prieta 6.64 0.68 
9 Nahanni 3.54 0.36 
10 Northridge 10.97 1.12 
11 San Fernando 7.40 0.76 
12 Tabas 5.71 0.58 
Table 7.8b Ductility supply and vertical base shear for the barrel vault with rise to span ratio 
of 0.00 and support conditions A under the combination of the dead load and vertical 
earthquake loading 
Vertical displacement of Vertical base Critical 
node 72 shear response (cm) (kN) 
I Yield 9.80 1706 
2 Collapse 11.42 1805 
Ductility 
3 supply 1.17 - 
(PS-Pply) 
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Table 7.9a Ductility demands for the barrel vault with rise to span ratio of 0.15 and support 
conditions A under the combination of dead load and vertical earthquake action 
Earthquake 
Vertical 
displacement of 
node 72 
(cm) 
Ductility 
demand 
(PDerwnd) 
I Cape Mendocino 1.16 0.47 
2 Chi-Chi 0.90 0.37 
3 Coaling 1.62 0.66 
4 Gazli 1.92 0.78 
5 Imperial Valley 2.65 1.08 
6 Kobe 1.25 0.51 
7 Landers 1.57 0.64 
8 Loma Prieta 1.10 0.45 
9 Nahanni 1.25 0.51 
10 Northridge 1.46 0.60 
11 San Fernando 1.19 0.47 
12 Tabas 1.82 0.74 
Table 7.9b Ductility supply and vertical base shear for the barrel vault with rise to span ratio 
of 0.15 and support conditions A under the combination of the dead load and vertical 
earthquake loading 
Critical Vertical displacement of Vertical base 
node 72 shear response (cm) (kN) 
I Yield 2.45 2265 
2 Collapse 2.83 2468 
Ductility 
3 supply 1.16 - 
(/JS. PPIY) 
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Table 7.1 Oa Ductility demands for the barrel vault with rise to span ratio of 0.30 and support 
conditions A under the combination of dead load and vertical earthquake action 
Earthquake 
Vertical 
displacement of 
node 72 
(cm) 
Ductility 
demand 
(PDemand) 
I 
Cape 
Mendocino 1.12 0.39 
2 Chi-Chi 0.69 0.24 
3 Coaling 1.14 0.40 
4 Gazli 1.20 0.42 
5 Imperial Valley 1.74 0.61 
6 Kobe 1.32 0.46 
7 Landers 1.1 0.40 
8 Loma Prieta 0.90 0.31 
9 Nahanni 0.7 0.26 
10 Northridge 1.40 0.49 
11 San Fernando 1.24 0.43 
12 Tabas 1.7 0.62 
Table 7.1 Ob Ductility supply and vertical base shear for the barrel vault with rise to span ratio 
of 0.30 and support conditions A under the combination of the dead load and vertical 
earthquake loading 
Critical Vertical displacement of Vertical base 
node 72 shear response (cm) (kN) 
I Yield 2.87 1813 
2 Collapse 3.85 2056 
Ductility 
3 supply 1.34 - 
(PS-Pply) 
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Table 7.11 a Ductility demands for the barrel vault with rise to span ratio of 0.45 and support 
conditions A under the combination of dead load and vertical earthquake action 
Earthquake 
Vertical 
displacement of 
node 72 
(cm) 
Ductility 
demand 
(PDenwnd) 
I 
Cape 
Mendocino 1.52 
0.33 
2 Chi-Chi 1.27 0.28 
3 Coaling 1.51 0.33 
4 Gazli 1.68 0.37 
5 Imperial Valley 1.56 0.34 
6 Kobe 1.56 0.34 
7 Landers 1.35 0.29 
8 Loma Prieta 1.36 0.29 
9 Nahanni 1.13 0.25 
10 Northridge 2.42 0.53 
11 San Fernando 2.17 0.47 
12 Tabas 1.63 0.36 
Table 7.1 lb Ductility supply and vertical base shear for the barrel vault with rise to span ratio 
of 0.45 and support conditions A under the combination of the dead load and vertical 
earthquake loading 
Vertical displacement of Vertical base Critical 
node 72 shear response (cm) (kN) 
I Yield 4.58 2716 
2 Collapse 5.08 2914 
Ductility 
3 supply 1.11 - 
(, uS. PPIY) 
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Table 7.12a Ductility demands for the barrel vault with rise to span ratio of 0.00 and support 
conditions B under the combination of dead load and vertical earthquake action 
Earthquake 
Vertical 
displacement of 
node 6 
(cm) 
Ductility 
demand 
OdDetwnd) 
I Cape Mendocino 3.56 0.35 
2 Chi-Chi 4.12 0.40 
3 Coaling 5.12 0.50 
4 Gazli 4.77 0.47 
5 Imperial Valley 3.58 0.35 
6 Kobe 4.34 0.43 
7 Landers 3.00 0.29 
8 Loma Prieta 4.29 0.42 
9 Nahanni 2.93 0.29 
10 Northridge 9.52 0.94 
11 San Fernando 6.06 0.59 
12 , Tabas 4.76 0.47 
Table 7.12b Ductility supply and vertical base shear for the barrel vault with rise to span ratio 
of 0.00 and support conditions B under the combination of the dead load and vertical 
earthquake loading 
Critical Vertical displacement of Vertical base 
node 6 shear response (cm) (kN) 
I Yield 10.18 1985 
2 Collapse 11.59 2076 
Ductility 
3 supply 1.14 - 
(PS. PPIY) 
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Table 7.13a Ductility demands for the barrel vault with rise to span ratio of 0.15 and support 
conditions B under the combination of dead load and vertical earthquake action 
Earthquake 
Vertical 
displacement of 
node 6 
(cm) 
Ductility 
demand 
(IdDemand) 
I Cape Mendocino 1.03 0.40 
2 Chi-Chi 0.83 0.32 
3 Coaling 1.21 0.47 
4 Gazli 1.73 0.67 
5 Imperial Valley 2.13 0.82 
6 Kobe 1.06 0.41 
7 Landers 1.37 0.53 
8 Loma Prieta 0.58 0.22 
9 Nahanni 1.12 0.43 
10 Northridge 1.02 0.39 
11 San Fernando 0.99 0.38 
12 Tabas 1.24 0.48 
Table 7.13b Ductility supply and vertical base shear for the barrel vault with rise to span ratio 
of 0.15 and support conditions B under the combination of the dead load and vertical 
earthquake loading 
Critical Vertical displacement of Vertical base 
node 6 shear response (cm) (kN) 
I Yield 2.59 2190 
2 Collapse 3.05 2336 
Ductility 
3 supply 1.18 - 
(PS. PPIY) 
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Table 7.14a Ductility demands for the barrel vault with rise to span ratio of 0.30 and support 
conditions B under the combination of dead load and vertical eýrthquake action 
Earthquake 
I Vertical 
displacement of 
node 6 
(cm) 
Ductility 
demand 
(gDem4nd) 
I Cape Mendocino 0.84 0.36 
2 Chi-Chi 0.57 0.24 
3 Coaling 0.86 0.37 
4 Gazli 0.82 0.35 
5 Imperial Valley 1.31 0.56 
6 Kobe 1.00 0.43 
7 Landers 0.71 0.30 
8 Loma Prieta 0.70 0.30 
9 Nahanni 0.63 0.27 
10 Northridge 1.07 0.46 
11 San Fernando 0.70 0.30 
12 Tabas 0.90 0.38 
Table 7.14b Ductility supply and vertical base shear for the barrel vault with rise to span ratio 
of 0.30 and support conditions B under the combination of the dead load and vertical 
earthquake loading 
Vertical displacement of Vertical base Critical 
node 6 shear response (cm) (kN) 
I Yield 2.34 2042 
2 Collapse 2.80 2286 
Ductility 
3 supply 1.20 - 
(PS. PPIY) 
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Table 7.15a Ductility demands for the barrel vault with rise to span ratio of 0.45 and support 
conditions B under the combination of dead load and vertical earthquake action 
Earthquake 
Vertical 
displacement of 
node 6 
(cm) 
Ductility 
demand 
OdDemand) 
I Cape Mendocino 1.42 0.35 
2 Chi-Chi 1.08 0.27 
3 Coaling 1.84 0.45 
4 Gazli 1.66 0.41 
5 Imperial Valley 1.32 0.33 
6 Kobe 1.24 0.31 
7 Landers 1.05 0.26 
8 Loma Prieta 1.18 0.29 
9 Nahanni 1.11 0.27 
10 Northridge 1.81 0.44 
11 San Fernando 1.73 0.43 
12 Tabas 1.82 0.45 
Table 7.15b Ductility supply and vertical base shear for the barrel vault with rise to span ratio 
of 0.45 and support conditions B under the combination of the dead load and vertical 
earthquake loading 
Critical Vertical displacement of Vertical base 
node 6 shear response (cm) (kN) 
I Yield 4.06 2305 
2 Collapse 4.56 2506 
Ductility 
3 supply 1.12 - 
(IJS. PPIY) 
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7.7 SNOW LOAD EFTECTS 
The presence of snow load on a barrel vault during an earthquake may increase the effect of 
the earthquake. This increase may be subdivided into two categories, namely, a) the static 
effect and b) the dynamic effect. 
The static effect of snow loading is to increase the vertical displacements of the nodes and the 
axial forces of the elements. Both of these can be obtained by static analysis. However, the 
dynamic effects of snow loading are rather involved. These effects will be discussed in more 
detail in the sequel. 
The overall effect of snow loading on a barrel vault, whether static or dynamic, can be 
combined with the effects of the vertical and horizontal components of the earthquakes. The 
snow loading has different effects on the response of a barrel vault under the horizontal or the 
vertical components of an earthquake. However, as discussed in Section 7.6.1, the horizontal 
components of the earthquakes, with relatively high PGA, cause the failure of the barrel 
vaults by th. emselves. Thus, any increase in loads, such as snow loading, will increase the 
vulnerability of the barrel vaults. Therefore, the effects of snow loading on the horizontal 
action of the earthquakes will not be discussed in this work. However, the effects of snow 
loading on the vertical action of earthquakes are investigated below. 
7.7.1 Dynamic Effects Of Snow Loading On A Barrel Vault 
Assessing the dynamic effects of snow loading on a structure is not a straightforward process. 
It is apparent that when snow loading exists on a structure, the mass of the structure becomes 
larger. Any change in the mass of a structure affects the dynamic characteristics of thel 
structure, such as the periods of the modes and damping and as a result changes the dynamic 
response. However, it is not clear what portion of the mass of the snow loading contributes to 
the dynamic response of a barrel vault. Actually, the climatic particulars of the site of a barrel 
vault have a major effect on this matter. If snow freezes completely and sticks to the structure, 
it is sensible to assume that the entire mass of the snow contributes to the dynamic response. 
Otherwise, the contributing mass is only a part of the snow mass. Determination of the 
percentage of the contributing mass of the snow loading is the, responsibility of the local 
authorities. However, in the present work, it is assumed that the total mass of the snow load 
contributes to the dynamic response of a barrel vault. So, the eigenvalue analysis of the barrel 
vaults is carried out assuming that the mass of the barrel vault comprises from the masses of 
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the dead load and snow loading. The damping properties of the barrel vaults are also modified 
according to the resulting periods of the barrel vaults from the eigenvalue analysis. 
7.7.2 Pushover Analysis Results Of Snow Effects 
For assessing the effects of the presence of snow loading on the barrel vaults during an 
earthquake, the pushover analysis method is employed in this work. The linear dynamic 
analysis of the barrel vaults with modified mass and damping parameters are performed for 
some of the earthquakes. The results of these analyses are compared with the nonlinear static 
analysis results presented in Section 7.6.2. In this study, only six earthquakes whose vertical 
effects are larger than the others, see Section 7.6.2, are selected for analysis. These 
earthquakes are the Coaling, Gazli, Imperial Valley, Landers, Northridge and Tabas 
earthquakes. The accelerograms of these earthquakes are bracketed and scaled as explained in 
Chapter 6. 
Tables 7.16 to 7.23 show the vertical displacements of the critical nodes for each of the barrel 
vaults under the abovementioned earthquakes. The vertical displacements of the critical nodes 
that have exceeded the collapse displacement are shown thicker. 
Consideration of Tables 7.16 to 7.23 shows that for every barrel vault there are some 
earthquakes whose vertical actions associated with the dead load and the snow loading will 
cause the barrel vault to collapse. So, it is recommended that the snow loading to be 
considered in the design of the barrel vaults. 
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Table 7.16 Vertical effects of the earthquakes associated with dead ahd snow loading for the 
barrel vault with rise to span ratio of 0.00 and support conditions A 
Vertical Possibility of 
Earthquake displacement of Collapse of the node 72 barrel vault cm 
I Coaling 10.48 
2 Gazli 13.39 Yes 
3 Imperial valley 9.82 
4 Landers 10.51 
5 Northridge 16.17 Yes 
6 Tabas 14.40 Yes 
Table 7.17 Vertical effects of the earthquakes associated with dead and snow loading for the 
barrel vault with rise to span ratio of 0.15 and support conditions A 
Vertical Possibility of 
Earthquake displacement of Collapse of the 
node 72 barrel vault cm 
I Coaling 2.57 
2 Gazli 2.87 Yes 
3 Imperial valley 3.60 Yes 
4 Landers 2.52 
5 Northridge 2.41 
6 Tabas 2.77 
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Table 7.18 Vertical effects of the earthquakes associated with dead and snow loading for the 
barrel vault with rise to span ratio of 0.30 and support conditions A 
Vertical Possibility of 
Earthquake displacement of Collapse of the node 72 barrel vault cm 
I Coaling 4.04 Yes 
2 Gazli 4.47 Yes 
3 Imperial valley 3.89 Yes 
4 Landers 2.86 
5 Northridge 4.77 Yes 
6 Tabas 4.49 Yes 
Table 7.19 Vertical effects of the earthquakes associated with dead and snow loading for the 
barrel vault with rise to span ratio of 0.45 and support conditions A 
Vertical Possibility of 
Earthquake 
displacement of Collapse of the 
node 72 barrel vault cm 
I Coaling 4.72 
2 Gazli 5.14 Yes 
3 Imperial valley 4.58 
4 Landers 3.63 
5 Northridge 5.37 Yes 
6 Tabas 4.98 
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Table 7.20 Vertical effects of the earthquakes associated with dead and snow loading for the 
barrel vault with rise to span ratio of 0.00 and support conditions B 
Vertical Possibility of 
Earthquake displacement of Collapse of the node 6 barrel vault cm 
I Coaling 9.29 - 
2 Gazli 11.28 - 
3 Imperial valley 8.37 - 
4 Landers 9.16 - 
5 Northridge 12.99 Yes 
6 Tabas 12.11 Yes 
Table 7.21 Vertical effects of the earthquakes associated with dead and snow loading for the 
barrel vault with rise to span ratio of 0.15 and support conditions B 
Vertical Possibility of 
Earthquake 
displacement of Collapse of the 
node 6 barrel vault cm 
I Coaling 3.78 Yes 
2 Gazli 4.24 Yes 
3 Imperial valley 2.77 
4 Landers 2.04 
5 Northridge 7.21 Yes 
6 Tabas 4.46 Yes 
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Table 7.22 Vertical effects of the earthquakes associated with dead afid snow loading for the 
barrel vault with rise to span ratio of 0.30 and support conditions B 
Vertical Possibility of 
Earthquake displacement of Collapse of the 
node 6 barrel vault cm 
I Coaling 2.44 - 
2 Gazli 2.37 - 
3 Imperial valley 2.20 - 
4 Landers 2.01 - 
5 Northridge 4.16 Yes 
6 Tabas 2.69 
Table 7.23 Vertical effects of the earthquakes associated with dead and snow loading for the 
barrel vault with rise to span ratio of 0.45 and support conditions B 
Vertical Possibility of 
Earthquake 
displacement of Collapse of the 
node 6 barrel vault 
cm 
I Coaling 3.72 
2 Gazli 3.64 
3 Imperial valley 3.84 
4 Landers 3.77 
5 Northridge 4.71 Yes 
6 Tabas 4.60 Yes 
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8.1 INTRODUCTION 
In this work, the dynamic characteristics of a family of double layer barrel vaults are studied. 
The effects of horizontal and vertical actions of earthquakes on these barrel vaults are 
investigated and some formulae are suggested for the calculation of the equivalent static 
loading of earthquakes on barrel vaults. 
The effects of the buckling of the elements of the barrel vaults on the behaviour of these 
structures are also studied. Particular attention is paid to the effects of the occurrence of 
earthquakes when the barrel vaults are under snow loading. 
8.2 CONCLUSIONS 
Double layer barrel vaults are popular in practice and are constructed in a variety of forms. In 
spite of this popularity, there is no specific internationally accepted code of practice for the 
loading and design of these structures. In particular, specifying the environmental loadings, 
such as earthquake loading, for barrel vaults is difficult and case dependent. 
The available information on the behaviour of barrel vaults under earthquakes is scarce. 
Practical observations show that barrel vaults are vulnerable to earthquakes and different 
forms of damage to the structure may occur during a strong ground motion. In the current 
work, the effects of earthquakes on barrel vaults are studied statically and dynamically as well 
as linearly and nonlinearly. A significant volume of interesting results is obtained as a result 
of this study. 
The first important conclusion is that the first mode of a barrel vault has significant 
contribution in the response of the structure. However, it is not, normally, the dominant mode 
and most of the dynamic response of the barrel vaults results from the higher modes. The 
current codes for the loading of structures specify consideration of 3 to 5 modes in the modal 
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analysis method. However, it seems that for the barrel vaults this specification should be 
changed as follows: 
"'The number of modes to be considered in a modal analysis method should be 
such that the sum of their mass participation factors becomes a high percentage of 
the entire structural response, say more than 85%, with the participation of each 
mode being at least 5%". 
Another conclusion of the current study is that barrel vaults can be classified as low period 
structures. This characteristic is important from the viewpoint of earthquake engineering. To 
elaborate, a schematic view of a design spectrum is given in Fig 8.1 (reproduced from Fig 
3.8). The design spectrum comprises of three parts, namely, part AB, part BC and part CD. 
Part AB is related to low period structures, such as single storey buildings. Part BC is related 
to medium period structures, such as buildings with 3-10 stories and part CD is related to long 
period structures, such as skyscrapers. In the low period part of a design spectrum, part AB in 
Fig 8.1, the response of a structure is highly dependant on the period of the structure. A 
change in the natural period of the structure in part AB is accompanied by a sharp change in 
the response acceleration. For a barrel vault, the period of the first mode is normally in the 
part BC that involves the largest effect of earthquake. However, the higher modes of a barrel 
vault that comprise the main part of the dynamic response are in part AB, see Tables 4.2 to 
4.9. Therefore, the overall response is period sensitive. As a result, one can reduce the 
earthquake effects on a barrel vault by decreasing the periods of the barrel vault. Increasing 
the stiffness of a barrel vault or decreasing its weight will help to decrease the periods of the 
modes of the barrel vault. 
Sd 
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structures 
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Fig 8.1 Design spectrum as is defined in Eurocode 8 
Arjang Sadeghi 381 
TC TO 
CHAPTER EIGHT Conclusions and Suggestions for Future Works PhD Thesis 
As another conclusion, the studies in the current work show that the response acceleration of a 
barrel vault to an accelerogram with several peaks and long duration is larger than its response 
to an accelerograrn with just one high PGA. 
The linear dynamic response of barrel vaults are investigated in Chapters 5 and 6 under 
horizontal and vertical components of a number of carefully selected strong earthquakes. 
Investigation of the effects of the horizontal components of the earthquakes in Chapter 5 
shows that the barrel vaults may be seriously damaged due to the buckling of some of their 
elements. The results of the linear dynamic analysis also show that the vulnerability of barrel 
vaults increases with the increase of the rise to span ratio. The number of the elements that 
buckle and the number of the earthquakes that cause the buckling of the elements are 
considerably smaller in the barrel vaults with low rise to span ratios. However, these results 
highlight the necessity of consideration of the earthquake loading during the design stage. A 
series of formulae for assessing the horizontal earthquake effects are given in Chapter 5. 
These formulae can be used for the equivalent static earthquake loading method. Using this 
method will ease the assessment of the earthquake horizontal loading on the barrel vaults for 
practical engineers. 
The results of the current studies show that the barrel vaults are less vulnerable to the vertical 
components of the earthquakes (as compared with the horizontal components). The rise to 
span ratio of a barrel vault can be taken as a measure of the response to the vertical 
components of earthquakes. The vulnerability of the barrel vaults with smaller rise to span 
ratios is more than that of the barrel vaults with larger rise to span ratios. However, it is 
shown that some of the barrel vaults may suffer serious damage due to the vertical 
components of the earthquakes. For convenience in the assessment of the vertical effects of 
the earthquakes, some formulae are suggested in Chapter 6. These formulae can be used to 
assess the equivalent static vertical earthquake loading on barrel vaults. 
Investigation of the nonlinear behaviour of barrel vaults show that, a number of the elements 
of these structures buckle under the earthquakes. Buckling of the elements, in most cases, 
cause the overall failure of the barrel vaults. The nonlinear analysis of the barrel vaults also 
show that the main cause of the collapse of the barrel vaults is buckling of the compressive 
elements and the yielding of tensile elements is rare. Capacity loss of buckling elements 
makes the structure prone to progressive collapse. Such a structure would display a brittle 
behaviour and collapse with a small increase of external loading after yielding, see Chapter 7. 
Barrel vaults display brittle behaviour in both horizontal and vertical directions. This means 
that the barrel vaults should be designed linearly for every type of loading and their reserve 
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capacity after yielding is not worth considering. As a result, the ductility factor and the 
behaviour factor of barrel vaults should be taken as unity in assessing the earthquake loading. 
Snow loading effects are also studied in this work and the results are given in Chapter 7. 
Presence of snow on a barrel vault changes the mass of the structure and affects its dynamic 
particulars. Any change in the dynamic particulars, such as the periods of the modes and 
damping parameters, affects the response of a barrel vault to an earthquake. The presence of 
snow on a barrel vault causes the barrel vault to collapse under earthquakes that would not 
have been destructive without the presence of snow. - 
The main conclusions of the present work, can be summarised as follows: 
* Barrel vaults are low period structures and are period sensitive. 
* Barrel vaults may collapse due to the horizontal or vertical components of strong 
ground motion earthquakes. 
" Snow loading makes a barrel vault more vulnerable to earthquakes. 
" Earthquake loading should be considered in the design of a barrel vault. 
" Barrel vaults are brittle and their ductility factors may be taken as unity. 
" Barrel vaults should be analysed and designed linearly with the behaviour factor 
taken as unity. 
8.3 SUGGESTIONS FOR FUTURE WORK 
Some suggestions for the extension of the present work are as follows: 
*A structural analysis package be developed with the ability to consider the 
postbuckling behaviour of the elements in dynamic analysis. At the present, this kind 
of analysis cannot be performed by most of the existing multi-purpose packages, such 
as LUSAS. 
* Brittleness or ductility is an important issue for barrel vaults. So, using the same 
approach in this work, barrel vaults with a wide range of slenderness ratio for their 
elements are to be considered to investigate the brittleness of these structures more 
comprehensively. 
* Double layer barrel vaults with other support conditions, depths and rise to span 
ratios should be investigated and the suggested formulae for equivalent earthquake 
loadings to be tested for these barrel vaults. 
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* Experimental work is necessary to confirm the theoretical results obtained in this 
work. 
9 The effects of combinations of different levels of snow loading with earthquakes 
having different PGA's should be investigated to find out what percentage of snow 
loading becomes critical during an earthquake with a specified PGA. 
o Application of the approach used in this work may be considered for double layer 
domes. 
Application of the approach used in this work may be extended to single layer 
barrel vaults and single layer domes. 
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A. 1 AVAILABLE DATABANKS OF ACCELEROGRAMS 
UNITED STATES SOURCES: 
a. 1 COSMOS Virtual Data Center: Gateway to Records in US/Mexico 
c/o PEER 
, 
Building 454 
, 
Room 121 
1301 South 46th Street 
Richmond, CA 94804 
Telephone: 510-231-9436 
Fax: 510-231-9471 
E-mail: cosmos@peer. berkeley. edu 
Web site: httt): //www. cosmos-eg. oriz 
Strong motion records from many earthquakes in the US and Mexico can be obtained from 
the Consortium of Organizations for Strong Motion Observation Systems (COSMOS) Virtual 
Data Center (VDC) at httj): //db. cosmos-eq. or . Users can search the VDC database according 
to the basic parameters of earthquake name, station, peak ground acceleration (PGA), and 
closest distance to the fault. Once records are identified, a user can locate and download them 
from a number of cooperating sources. The VDC also features an advanced search capability, 
as well as a clickable map that permits selection of stations c losest to the epicentre. Plots of 
data for quick viewing of accelerograms are also provided. 
a. 2 California Division of Mines and Geology (CDMG) 
Strong Motion Instrumentation Program (SMIP) 
801 K Street, MS - 1335 
Sacramento, CA 95814 
Attention: Vladimir Graizer 
Telephone: (916) 322-3105 
Fax: (916) 323-7778 
email: vgruier@consrv. ca. gov 
URL: http: //www. consrv. ca. gov 
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CDMG is a direct source for California data and provides processed data for CDMG stations 
on paper, tape, or diskette. Processed data from recent events are now available on the 
Internet, in a directory on the FIT server consrv. ca. gov, or via the web site listed above. 
a. 3 Lamont-Doherty Earth Observatory of Columbia University 
Route 9 West 
Palisades, NY 10964 
Attention: Noel Barstow - 
Telephone: (914) 365-8477 
Fax: (914) 365-8150 
E-mail: barstow@ldeo. columbia. edu 
URL: http: //www. ideo. columbia. edu 
Users can access and download on-line parametric and time series data from the Lamont 
Doherty/NCEER Strong-Motion Database by using Strongyrno, an interactive, menu-driven 
database program. To use Strongrno, it is necessary to obtain NCEER Report 90-0024, "A 
User's Guide to Strongmo: Version 1.0 of NCEER's Strong Motion Data Access Toolfor PCs 
and Tenninal". This guide is available through UNIX anonymous ftp in the directory NCEER 
at ftp: /Aamont. ldeo. columbia. edu/nceer or ftp: //l29.236.10.30/nceer/; file named strongmo. ps 
or strongmo. txt); login: anonymous; password: your complete e-mail address. The manual is 
also available from MCEER Publications, 105 Red Jacket Quadrangle, State University of 
New York at Buffalo, Buffalo, NY 14261. Telephone: (716) 645-3391; fax: (716) 645-3399; 
e-mail: mceer@acsu. buffalo. edu. 
a. 4 National Geophysical Data Center (NGDC) 
NOAA Code E/GC I 
325 Broadway 
Boulder, CO 80303 
Attention: Paula Dunbar 
Telephone: (303) 497-6084 
Fax: (303) 497-6513 
E-mail: pkd@ngdc. noaa. lzov 
URL: http: //www. ngdc. noaa. gov/seg_/hazard/stronz. htmi 
Arjang Sadeghi 386 
APPENDICES PhD Thesis 
This database may be considered as an archive for United States and worldwide earthquake 
data, the NGDC maintains a strong motion archive of over 15,000 worldwide digitised and 
processed records. To determine the availability of specific records or records suitable for 
specific applications, users can search Strong Motion Catalog Search online. While records 
cannot be downloaded, users can tell if a particular record exists. 
NGDC provides data on tape, diskette, or CD-ROM. NGDC usually charges for data, but if 
users have data to contribute to NGDC without restriction, they may be able to receive data at 
no charge. The entire NGDC strong motion archive, containing uncorrected/corrected data, 
and response spectra, is available on a CD-ROM titled Strong Motion CD Compilation 
(Product number 135-A27-001). (See http: //www. ngdc. noaa. gov/ seg/fliers/ se-0308. htmi for 
more details. ) 
a. 5 PEER Strong Motion Database 
Pacific Earthquake Engineering Research (PEER) Center 
University of California, Berkeley 
1301 South 46th Street, RFS 451 
Richmond, California, 94804-4698 
Telephone: 510-231-9554 
Fax: 510-231-9464 
Web Site: htti): Hl2eer. berkeley. edu/smcat 
The PEER Strong Motion database contains 1557 records from 143 earthquakes from 
tectonically active regions worldwide that can be searched, browsed and downloaded. A 
complete list is available on the web site, along with information on the distribution of 
mechanisms, magnitudes, and distances. Site condition documentation is provided on USGS, 
NEHRP and UBC site classifications, as well as the three-letter Geomatrix site classification 
used in the database. Each record has three components and for each component, separate 
files for acceleration, velocity, displacement and response spectra. Other values as source 
distance are provided as a guide in searching the database. The records in this database are 
chosen for their value in engineering analysis and use in PEER engineering studies. They 
have been processed in a uniform manner, with individual components individually filtered. 
a. 6 SCEC - The Strong Motion Data Base 
Southern California Earthquake Center (SCEC) 
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Institute for Crustal Studies 
University of California 
Santa Barbara, CA 93106-1100 
Contact: Mindy Squibb 
Telephone: 805-893-8446 
Fax: 805-893-8649 
E-mail: mindy@crustal. ucsb. edu 
Web Site: htti): //quake. cnistal. ucsb. edu/scec/smdb 
The Strong Motion Data Base (SMDB) provides access to strong motion data, including both 
parametric and time-series data, for the U S, Mexico, Japan, South America and Canada. The 
SMDB contains the parameters of 143 earthquakes, 952 stations and 1796 site records and is 
continuously updated. 
a. 7 Strong Ground Motion Group 
University of Southern California 
Civil Engineering Department 
KAP 216A, MC 2531 
University of Southern California 
Los Angeles, CA 90089-2531 
Contact: Maria I. Todorovska 
Telephone: 213-740-0616 
Fax: 213-744-1426 
E-mail: mtodorov@usc. edu 
Web Site: httl2: //www-rcf. usc. edu/-mtodorov/ 
The Strong Ground Motion Group of the University of Southern California, Civil Engineering 
Department, now has a web page which provides information on: 1) The Los Angeles and the 
Vicinity Strong Motion Network (station map, data releases); 2) A summary of Northridge 
earthquake research (html format report showing ground motion maps, references to 
published research results); 3) Access to processed Northridge earthquake data at USC strong 
motion stations (station map, list of stations and recorded peak accelerations); and 4) A list of 
reports from the USC Civil Engineering Department report series. This page is also accessible 
via the general University Web Site at http: //www. usc. edu 
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a. 8 US Geological Survey (USGS) 
National Strong Motion Program (NSMP) 
Branch of Earthquake and Geomagnetic Information 
345 Middlefield Road, MS 977 
Menlo Park, CA 94025 
Contact. - Ron Porcella 
Telephone: (209) 456-6140 
Fax: (209) 456-6149 
URL: http: //nsm]2. wr. usgs.. izov 
The US Geological Survey NSMP maintains a national cooperative instrumentation network, 
a national data centre and a supporting strong-motion data analysis and research centre. 
Among the available data sets are: 1994 Northridge earthquake, 1992 Joshua Tree earthquake, 
1992 Landers earthquake, 1992 Big Bear earthquake and others. Data from USGS, Veteran's 
Affairs, Metropolitan Water District of Southern CA, US Department of Energy (DOE), US 
Army Corps of Engineers, and selected instrumented local structures are included. 
Older data sets for North and Central American Earthquakes 1933-1986, can also be freely 
downloaded, as can the BAP software to correct and process uncorrected records. The USGS 
NSMP Data Centre is now offering an e-mail Data Notification and Update Service. 
Information on the service can be accessed from the NSMP web site at 
http: //nsm]2. wr. usRs. gov/listserver. htm]. 
b) UNITED KINGDOM 
N. Ambraseys, Project Coordinator 
Imperial College of Science, Technology and Medicine 
Engineering Seismology and Earthquake Engineering 
Imperial College Road 
London, SW72BU, UK 
Telephone: 44-207-594-6112 
Fax: 44-207-694-6053 
E-mail: n. ambraseys@ic. ac. uk 
Web Site: htti): //www. isesd. cv. ic. ac. uk/esd/frameset. htm 
A CD-ROM containing a compilation of 1068 strong-motion records from different networks, 
agencies and data centres in Europe and adjacent regions is now available. Created with the 
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support of the European Commission, DGXl1 Environment and Climate Research Program, 
"Dissemination of European Strong-Motion Data". This CD-ROM -contains a database of 
associated earthquake waveform and station parameters of European shallow and intermediate 
depth earthquakes, both in uncorrected and corrected form, as well as corresponding response 
spectra. A comprehensive browser allows users to search the database and databank for the 
selection of design input data. 
ITALY 
Dipartimento di Scienze della Terra 
Friuli Strong Motion Network 
Universita degli Studi di Trieste 
via E. Weiss 4 
34127, Trieste, Italy 
Fax: +39-40-6762111 
E-mail: costa@ LyeosunO. univ. trieste. it 
URL: http: //www. dst. univ. trieste. it/raf/ 
direct access: http: //www. dst. univ. trieste. it/raf/data. htmi 
The Friuli Strong Motion Network provides data from 15 digital broadband strong-motion 
instruments located in the Friuli seismic region, NE Italy. The data is presented in table 
format for the time period 1993 to 2001 and includes: date, time, latitude, longitude, 
magnitude and depth of the events. In order to receive the Friuli Network available data, one 
should email to: raf@dst. univ. trieste. it. 
d) JAPAN 
Earthquake and Volcanic Disaster Prevention Laboratory 
Kyoshin Net (K-NET) 
National Research Institute for Earth Science and Disaster Prevention 
3-1, Tennodai 
Tsukuba-shi, lbaraki-ken 305, Japan 
Telephone: 0298-54-4940 
Fax: 0298-54-4941 
E-mail: postmaster@knetgk. k-net. bosai. go. jp 
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URL: htti): //www. bosai. go. 
_il) 
(click on K-NET) 
direct access: http: //www. k-net. bosai. lz2.1*R 
The K-NET system provides strong motion data from 1000 observatories throughout Japan in 
UNIX, DOS or ASCH format, depending on the user's request. Internet users can also search 
the K-NET database of strong-motion records and site information. For additional information 
about requests, searching, and access, consult the web page above. 
e) MEXICO 
The Guerrero Accelerograph Network 
Seismology Laboratory 
University of Nevada, Reno (UNR) 
Reno, NV 89557 
U. S. Contact. John Anderson 
Telephone: (702) 784-4265 
Fax: (702) 784-1833 
E-mail: ii. za@seismo. unr. edu 
URL: htti): //www. seismo. unr. edu/ft]2/zenR/GUERRERO/guerrero. html 
Instituto de Ingenieria, Universidad Nacional Autonoma de Mexico 
Ciudad Universitaria 
Coyoacan 04510, Mexico 
Mexican Contact: Roberto Quaas 
Telephone: (525) 622-3413 
Fax: (525) 616-1514 
E-mail: Eqw @pumas. i ingen. unam. mx 
A joint investigation of the Seismological Laboratory, UNR, and the Instituto de Ingeneria, 
UNAM, the Guerrero Network consists of 30 digital strong motion accelerographs in 
Guerrero, and neighbouring states in Mexico. The Guerrero Strong Motion Network Database 
provides acceleration records from 1985 to 1995. These records can be accessed through ftp at 
quake. unr. edu under directory zeng/GUERRERO or at the web site listed above. 
f) NEW ZEALAND 
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Institute of Geological and Nuclear Sciences (IGNS) 
P. O. Box 30 
368 Lower Hutt, New Zealand 
Contact: Jim Cousins 
Fax: +64 4 570-1440 
E-mail: i. cousins@gns. cri. nz 
Strong-motion data recorded in New Zealand are available on CD-ROM from the Institute of 
Geological and Nuclear -Sciences 
(IGNS). The IGNS operates. a wide network of 
accelerographs and acceleroscopes in New Zealand consisting of 266 recording sites in both 
ground and structural recording locations. Thirty percent of the accelerographs in the network 
are digital and the remainder are film-recording mechanical-optical units. 600 of the largest 
recordings obtained over 30 years have been fully processed and recorded on the CD to give 
instrument-corrected and filtered time histories (accelerations, velocities, displacements) and 
response spectra. 
Supporting files provide infon-nation on the formats of the processed data files, locations of 
recorded events, site information and ground class classifications for the recording sites, a 
listing of peak accelerations for all recordings and a list of related information. 
RUSSIA 
Center of Geophysical Data Studies and Telematics Applications 
Strong Motion Data Base - 
Joint Institute of Physics of Earth 
Russian Academy of Sciences 
P. O. Box 23 
Moscow 10965 1, Russia 
E-mail: webmaster0a wdcb. rssi. ru; or smdb@wdcb. rssi. ru 
URL: htti): Hr)erun. wdcb. rssi. ru/SMDB/ (click on digital waveforms) 
direct access: httT): //]2erun. wdcb. rssi. ru/SMDB/bin/smdbface. cgi 
The Strong Motion Data Base (SMDB) is part of the European-Mediterranean Seismological 
Centre (EMSC) and provides scanned records and parametric data for the following regions: 
Gazli, Turkmenia (1976,1984); Georgia (1991); Haicheng, China (1975); Friuli, Iran (1977- 
1990); Italy (1976); Japan (1956-98); Luquan Province, China (1985); Nicaragua (1968- 
1972); Peru (1951-1974); Spitak, Armenia (1988-1989); Tangshang, China (1976). Only 
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drawings of the waveforms can be viewed at this site. Parametric data can be individually 
selected and obtained by entering personal login name and providing an e-mail address. The 
text of the site is in Russian and an English version of the scanned records is not provided. 
h) SWITZERLAND 
Swiss Seismological Service 
The Swiss National Strong Motion Network 
ETH Honggerberg 
CH-8093 Zurich, Switzerland 
Telephone: +41 (0) 1633 32 43 
Fax: +41 (0) 1633 10 65 
E-mail: smit@seismo. ifR. ethz. ch 
URL: http: //seismo. ethz. ch/networks/, stronR motion/strong motion. htm] 
The Swiss National Strong Motion Network provides data from 93 strong motion stations for 
earthquakes having magnitudes greater than or equal to 2 for Switzerland and the contiguous 
areas. An earthquake catalogue for the time period November 24,1991 to 2002, and the 
strong motion records for each earthquake are presented in table format. 
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A. 2 ACCELEROGRAMS AND RESPONSE SPECTRA OF THE SELECTED 
EARTHQUAKES 
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a) Accelerogram of the longitudinal component of Cape Mondecino earthquake, USA 
1992. 
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b) Acceleration spectrum for the longitudinal component of Cape Mondecino earthquake, 
USA 1992; 4=2%. 
Fig A. I Accelerogram and the response spectrum for the longitudinal component of Cape 
Mondecino earthquake, USA 1992. 
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a) Accelerogram of the transversal component of Cape Mondecino earthquake, USA 
1992. 
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b) Acceleration spectrum of the transversal component of Cape Mondecino earthquake, 
USA 1992; 4=2%. 
Fig A. 2 Accelerogram and the response spectrum of the transversal component of Cape 
Mondecino earthquake, USA 1992. 
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a) Vertical accelerogram of Cape Mondecino earthquake, USA 1992 
-0.6 
-0.81 
0 
2.5- 
2- 
0- 1--- 
0.5- 
1 
t' 
I 
0 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 
Perlod S 
b) Acceleration spectrum of vertical component of Cape Mondecino earthquake, USA 
1992; 4=2%. 
Fig A. 3 Accelerogram and the response spectrum of the vertical component of Cape 
Mondecino earthquake, USA 1992. 
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b) Acceleration spectrum for the longitudinal component of Chi-Chi earthquake, Taiwan 
1999; 4=2%. 
Fig A. 4 Accelerogram. and the response spectrum for the longitudinal component of Chi-Chi 
earthquake, Taiwan 1999. 
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b) Acceleration spectrum of the transversal component of Chi-Chi earthquake, Taiwan 
1999; 4=2%. 
Fig A. 5 Accelerograrn and the response spectrum of the transversal component of Chi-Chi 
earthquake, Taiwan 1999. 
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a) Vertical accelerograrn of Chi-Chi earthquake, Taiwan 1999 
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b) Acceleration spectrum of vertical component of Chi-Chi earthquake, Taiwan 1999; 
4=2%. 
Fig A. 6 Accelerograrn and the response spectrum for the vertical component of Chi-Chi 
earthquake, Taiwan 1999. 
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b) Acceleration spectrum for the longitudinal component of Coaling, earthquake, USA 
1983; 4=2%. 
Fig A. 7 Accelerograrn and the response spectrum for the longitudinal component of Coaling, 
earthquake, USA 1983. 
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b) Acceleration spectrum of the transversal component of Coaling, earthquake, USA 
1983; 4=2%. 
Fig A. 8 Accelerograrn and the response spectrum for the transversal component of Coaling, 
earthquake, USA 1983. 
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a) Vertical accelerograrn of Coaling, earthquake, USA 1983. 
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b) Acceleration spectrum of vertical component of Coaling, earthquake, USA 1983; 
4=2%. 
Fig A. 9 Accelerograrn and the response spectrum for the vertical component of Coaling, 
earthquake, USA 1983. 
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b) Acceleration spectrum for the longitudinal component of Gazli earthquake, USSR 
1976; 4=2%. 
Fig A. 10 Accelerograrn and the response spectrum for the longitudinal component of Gazli 
earthquake, USSR 1976. 
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a) Accelerogram of the transversal component of Gazli earthquake, USSR 1976. 
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b) Acceleration spectrum of the transversal component of Gazli earthquake, USSR 1976; 
4=2%. 
Fig A. II Accelerogram and the response spectrum for the transversal component of Gazli 
earthquake, USSR 1976. 
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a) Accelerograrn of the Vertical component of Gazli earthquake, USSR 1976. 
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b) Acceleration spectrum of vertical component of Gazli earthquake, USSR 1976; 4=2%. 
Fig A. 12 Accelerograrn and the response spectrum for the vertical component of Gazli 
earthquake, USSR 1976. 
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a) Accelerogram. of the longitudinal component of Imperial Valley earthquake, USA 
1979. 
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b) Acceleration spectrum for the longitudinal component of Imperial Valley earthquake, 
USA 1979; 4=2%. 
Fig A. 13 Accelerogram. and the response spectrum for the longitudinal component of Imperial 
Valley earthquake, USA 1979. 
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a) Accelerograrn of the transversal component of Imperial Valley earthquake, USA 1979. 
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b) Acceleration spectrum of the transversal component of Imperial Valley earthquake, 
USA 1979; 4=2%. 
Fig A. 14 Accelerograrn and the response spectrum for the transversal component of Imperial 
Valley earthquake, USA 1979. 
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a) Vertical accelerogram of Imperial Valley earthquake, USA 1979. 
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b) Acceleration spectrum of vertical component of Imperial Valley earthquake, USA 
1979; 4=2%. 
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Fig A. 15 Accelerograrn and the response spectrum for the vertical component of Imperial 
Valley earthquake, USA 1979. 
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a) Accelerogram of the longitudinal component of Kobe earthquake, Japan 1995. 
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b) Acceleration spectrum for the longitudinal component of Kobe earthquake, Japan 
1995; 4=2%. 
Fig A. 16 Accelerograrn and the response spectrum for the longitudinal component of Kobe 
earthquake, Japan 1995. 
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c) Acceleration spectrum of the transversal component of Kobe earthquake, Japan 1995; 
4=2%. 
Fig A. 17 Accelerograrn and the response spectrum for the transversal component of Kobe 
earthquake, Japan 1995. 
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b) Acceleration spectrum of vertical component of Kobe earthquake, Japan 1995; 4=2%. 
Fig A. 18 Accelerogram and the response spectrum for the vertical component of Kobe 
earthquake, Japan 1995. 
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a) Accelerograrn. of the longitudinal component of Landers earthquake, USA 1992. 
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b) Acceleration spectrum for the longitudinal component of Landers earthquake, USA 
1992; 4=2%. 
Fig A. 19 Accelerograrn and the response spectrum for the longitudinal component of Landers 
earthquake, USA 1992. 
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b) Acceleration spectrum of the transversal component of Landers earthquake, USA 
1992; ý=2%. 
Fig A. 20 Accelerogram and the response spectrum for the transversal component of Landers 
earthquake, USA 1992. 
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b) Acceleration spectrum of vertical component of Landers earthquake, USA 1992; 
4=2%. 
Fig A. 21 Accelerogram and the response spectrum for the vertical component of Landers 
earthquake, USA 1992. 
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a) Accelerogram. of the longitudinal component of Loma Prieta earthquake, USA 1989. 
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b) Acceleration spectrum for the longitudinal component of Loma Prieta earthquake, 
USA 1989; 4=2%. 
Fig A. 22 Accelerogram and the response spectrum for the longitudinal component of Loma 
Prieta earthquake, USA 1989. 
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a) Accelerogram of the transversal component of Loma Prieta earthquake, USA 1989. 
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b) Acceleration spectrum of the transversal component of Loma Prieta earthquake, USA 
1989; 4=2%. 
Fig A. 23 Accelerogram and the response spectrum for the transversal component of Loma 
Prieta earthquake, USA 1989. 
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a) Vertical accelerogram of Loma Prieta earthquake, USA 1989. 
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b) Acceleration spectrum of vertical component of Loma Prieta earthquake, USA 1989; 
4=2%. 
Fig A. 24 Accelerogram and the response spectrum for the vertical component of Loma Prieta 
earthquake, USA 1989. 
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a) Accelerogram. of the longitudinal component of Nahanni earthquake, Canada 1985. 
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b) Acceleration spectrum for the longitudinal component of Nahanni earthquake, Canada 
1985; ý=2%. 
Fig A. 25 Accelerogram and the response spectrum for the longitudinal component of Nahanni 
earthquake, Canada 1985. 
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a) Accelerogram of the transversal component of Nahanni earthquake, Canada 1985. 
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b) Acceleration spectrum of the transversal component of Nahanni earthquake, Canada 
1985; ý=2%. 
Fig A-26 Accelerograrn. and the response spectrum for the transversal component of Nahanni 
earthquake, Canada 1985. 
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a) Vertical accelerograrn of Nahanni earthquake, Canada 1985. 
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b) Acceleration spectrum of vertical component of Nahanni earthquake, Canada 1985; 
4=2%. 
Fig A. 27 Accelerogram and the response spectrum for the vertical component of Nahanni 
earthquake, Canada 1985. 
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a) Accelerograrn of the longitudinal component of Northridge earthquake, USA 1994. 
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b) Acceleration spectrum for the longitudinal component of Northridge earthquake, USA 
1994; 4=2%. 
Fig A. 28 Accelerograrn. and the response spectrum for the longitudinal component of 
Northridge earthquake, USA 1994. 
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a) Accelerogram of the transversal component of Northridge earthquake, USA 1994. 
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b) Acceleration spectrum of the transversal component of Northridge earthquake, USA 
1994; 4=2%. 
Fig A. 29 Accelerogram and the response spectrum for the transversal component of 
Northridge earthquake, USA 1994. 
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a) Vertical accelerogram of Northridge earthquake, USA 1994. 
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b) Acceleration spectrum of vertical component of Northridge earthquake, USA 1994; 
4=2%. 
Fig A. 30 Accelerograrn and the response spectrum for the vertical component of Northridge 
earthquake, USA 1994. 
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a) Accelerograrn of the longitudinal component of San Fernando earthquake, USA 1971. 
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b) Acceleration spectrum for the longitudinal component of San Fernando earthquake, 
USA 1971; 4=2%. 
Fig A. 31 Accelerogram and the response spectrum for the longitudinal component of San 
Fernando earthquake, USA 197 1. 
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a) Accelerograrn. of the transversal component of San Fernando earthquake, USA 1971. 
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b) Acceleration spectrum of the transversal component of San Fernando earthquake, 
USA 1971; 4=2%. 
Fig A. 32 Accelerogram. and the response spectrum for the transversal component of San 
Fernando earthquake, USA 1971. 
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a) Vertical accelerograrn of San Fernando earthquake, USA 1971. 
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b) Acceleration spectrum of vertical component of San Fernando earthquake, USA 197 1; 
ý=2%. 
Fig A. 33 Accelerograrn. and the response spectrum for the vertical component of San 
Fernando earthquake, USA 197 1. 
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a) Accelerograrn of the longitudinal component of Tabas earthquake, Iran 1978. 
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b) Acceleration spectrum for the longitudinal component of Tabas earthquake, Iran 1978; 
4=2%. 
Fig A. 34 Accelerogram and the response spectrum for the longitudinal component of Tabas 
earthquake, Iran 1978. 
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a) Accelerograrn of the transversal component of Tabas earthquake, Iran 1978. 
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b) Acceleration spectrum of the transversal component of Tabas earthquake, Iran 1978; 
4=2%. 
Fig A. 35 Accelerogram and the response spectrum for the transversal component of Tabas 
earthquake, Iran 1978. 
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a) Vertical accelerogram of Tabas earthquake, Iran 1978. 
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b) Acceleration spectrum of vertical component of Tabas earthquake, Iran 1978; 4=2%. 
Fig A. 36 Accelerogram and the response spectrum for the vertical component of Tabas 
earthquake, Iran 1978. 
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APPENDICES B 
B. 1 PROGRAM FOR CALCULATION OF THE HORIZONTAL EQUIVALENT 
EARTHQUAKELOADS 
sample program for the calculation of the equivalent horizontal joint loads of the barrel 
vaults is presented below: 
HA program to calculate the joint loads of different levels 
H of the barrel vault with rise to span ratio of 0.15 and 
H support conditions A 
#include <stdio. h> 
#include <stdlib. h> 
maino 
int i, n, ijj, U,, m, L[ 111; 
float mass[ I 50], Ax[ 150], Ay[I 50], Az[ 150]; 
float Axp[150], fbrc[150], Vl[l 1], Hp[l 1]; 
float ACB; 
FILE *massf; 
FELE *acclf; 
FILE *heitf-, 
FELE *outpf; 
FILE *forcf; 
massf=fopen("c: \\arjang\\ccc\\hsl5\\massl5. txt", Vir"); 
acclf=foPen("c: \\arjang\\ccc\\hsl5\\tabl5. txt", "r"); 
heitf=fopen("c: \\arjang\\ccc\\hsl5\\hhl5. txt", "r"); 
ACB=0.2856000; 
P Reading Mass of Nodes*/ 
for(i=1; i<=137; i++) 
I 
fscanf(massf, "%d %f\n", &i, &mass[i]); 
I 
P Reading Accelerations of Nodes*/ 
for(i=l; i<=136; i++) 
I 
fscanf(acclf, "%d %f %f %f\n", &i, &Ax[il, &Ay[il, &Az[il); 
Axp[i]=Ax[i]-ACB; 
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/* Reading Proportional Ratios of Nodes*/ 
for(i=l; i<=10; i++) 
I 
fscanf(heitf, "%d %f %d", &i, &Hp[i], &L[i]); 
I 
for(n=1; n<=10; n++) 
forc[n]=O. O; 
P Calculation of the top layer joint forces*/ 
for (i=I; i<--S; i++) 
I 
for(n=i; n<=66+i; n+=1 1) 
I 
forc[i]=forc[i]+Axp[n] *mass [n]+Axp[78-n] *mass [78-n]; 
for(ij=6; ij<=72; ij+=l 1) 
I 
forc [6] =forc [6]+Axp[ij ]*mass [ij 
P Calculation of the bottom layerjoints forces*/ 
for 0=7; j<=10; j++) 
IL--83+j; 
for (n=EL; n<=40+IL; n+= 10) 
forcU1=forcU]+Axp[n] *rnass [n] +Axp [225-n] *mass [225-n]; 
for(m=1; m<=10; m++) 
Vl[m]=O. O; 
for(m=l; m<=10; m++) 
for(n=l; n<=m; n++) 
VI[m]=Vl[m]+forc[n]; 
P Openning an output file to write the results in it*/ 
outpf=fopen("c: \\arjang\\ccc\\hsl5\\tabl5. out", "w"); 
forcf=fopen("c: \\arjang\\ccc\\hsl5\\forcftxt", I'W"); 
fprintf(outpf, 'AtForces in the specified levels\n"); 
printf('AtForces in the specified levels\n"); 
for(i=l; i<=10; i++) 
I 
fprintf(outpf, "%d\t%d\t%f\t%f\n", i, L[i], forc[i], Hp[i]); 
printf("%d\t%d\t%f\t%f\n", i, Lfil, forc[i], Hp[il); 
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fprintf(outpf, "\n"); 
printf('An"); 
fprintf(outpf, "\t Shears in specified levels\n\n"); 
printf("\t Shears in specified levels\n\n"); 
for(i=l; i<=10; i++) 
fprintf( outpf, "%d\t%d\t%f\t%f\n", i, L[i], VI[i], Hp[i]); 
printf( "%d\t%d\t%f\t%f\n", i, L[i], VI[i], Hp[i]); 
fclose(massf); 
fclose(acclf); 
fclose(heitf); 
fclose(outpf); 
retum(O); 
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B. 2 PROGRAM FOR CALCULATION OF THE VERTICAL EQUIVALENT 
EARTHQUAKE LOADS 
A sample program for the calculation of the equivalent vertical joint loads of the barrel vaults 
is presented below: 
HA program in C++ to calculate the equivalent vertical joint loads 
H of the barrel vault with rise to span ratio of 0.15 and 
H support conditions A for the vertical accelerograms of the earthquakes 
#include <stdio. h> 
#include <stdlib. h> 
#include <string. h> 
main 
int i, n, L[25]; 
float mass[ 150], Ax[ 150], Ay[ 150], Az[150]; 
float Azp[150], forc[150], Ds[25], f[1501; 
float ACB; 
char d[ 100]; 
FILE *massf; 
FILE *acclf, 
FILE *distf-, 
FILE *outpf; 
printf("Input base acceleration=\n"); 
scanf("%f", &ACB); 
massf=fopen("c: \\arjang\\ccc\\sa\\hsl5\\massl5. txt", "r"); 
acclf=foPen("c: \\arjang\\ccc\\sa\\hsl5\\capel5. txt", "r"); 
distf=fopen("c: \\arjang\\ccc\\sa\\hsl5\\dsl5. txt", "r"); 
P Reading Mass of Nodes*/ 
for(i=l; i<=137; i++) 
fscanf(massf, "%d %f\n", &i, &mass[i]); 
P Reading Accelerations of the Nodes*/ 
for (i=O; i<12; i++) 
fgets(d, 100, acclf); 
for(i=l; i<=136; i++) 
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fscanf(acclf, "%d %f %f %f\n", &i, &Ax[i], &Ay[i], &Az[i]); 
Azp[i]=Az[i]-ACB; 
P Reading distance to span Ratios of the Nodes*/ 
for(i=l; i<=21; i++) 
f 
fscanf(distf, "%d %f %d", &i, &Ds[i], &L[i]); 
for(n=O; n<150; n++) 
forc[n]=O. O; 
P Calculation of the top layerjoint forces*/ 
for (i= I; i<= I I; i++) 
I 
for(n=i; n<=66+i; n+=1 1) 
I 
fore [i]=forc [i]+Azp [n] *mass [n]; 
P Calculation of the bottom layer joints forces*/ 
for (i=89; i<=96; i++) 
I 
for (n=i; n<=40+i; n+= 10) 
f 
forc[i]=forc[i]+Azp[n] *mass[n]; 
for(i=1; i<=21; i++) 
f[i]=forc[L[i]]; 
P Openning an output file to write the results in it*/ 
outpf=fopen("c: \\arjang\\ccc\\sa\\hsl5\\capel5. out", flw"); 
fprintf(outpf, "\tForces in the specified distances\n"); 
printf("\tForces in the specified distances\n"); 
for(i=l; i<=21; i++) 
fprintf(outpf, "%d\t%d\t%f\t%f\n", 22-i, L[i], Ds[i], f[i]); 
printf("%d\t%d\t%f\t%f\n", 22-i, L[i], Ds[i], f[i]); 
fclose(massf); 
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fclose(acclf); 
fclose(distf); 
fclose(outpf); 
retum(O); 
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APPENDIX C 
CA STATISTICAL TERMS 
In the present work, some of the statistical terms are frequently used. In the sequel, a brief 
explanation of each of these terms is presented. 
C. 1.1 Mean 
Every engineer is familiar with average of observed numerical data called a sample. A sample 
is a group of units selected from a larger group (the population). By studying the sample it is 
hoped to draw valid conclusions about the larger group. The 'sample mean' and sample 
variance are the most common particulars of the collected data to speculate the general 
characteristics of the whole data. Although they do not communicate all the available 
information, they are concise descriptors of the two most significant properties of the batch of 
observed data, namely, its central value and its scatter or dispersion. The sample mean of n 
numbers is defined as 
IA 
M=-Yxi n j., 
CA 
Where m is the sample mean or average, n is the sample size and xj is the value of a sample. 
The mean is a measure of the central tendency of the samples, and, often, of the value about 
which scatter can be expected if repeated observations of the phenomenon are to be made. 
C. 1.2 Variance 
The mean describes the central tendency of a random variable (a random variable represents 
a sample of a set of random data), but it says nothing of that behaviour which leads engineers 
to study probability theory at all, namely, uncertainty or randomness. The most common and 
most useful measure of the indication of dispersion of a random variable is the 'variance' a,, '. 
It is defined as the weighted average of the squared deviations from the mean: 
C2 
1( 
_Zx! 
2_ 
nm 
2 
n i-I 
C. 1.3 Standard Deviation 
C. 2 
The standard deviation is a measure of how widely values are dispersed from the average 
value (the mean). Standard deviation assumes that its arguments are a sample of the 
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population. A population is any entire collection of people, animals, plants or things from 
which one may collect data. It is the entire group one is interested in, which he or she wishes 
to describe or draw conclusions about. In order to make any generalisations about a 
population, a sample that is meant to be representative of the population, is often studied. For 
each population there are many possible samples. 
The positive square root of the variance is given the name 'standard deviation' that is 
calculated as: 
2 
F2 22 
)]y 
crx 
[n 
xi nm C. 3 
The conventional from of the standard notation, a and 4 seems to indicate that in practice the 
standard deviation is given more importance than the variance. The standard deviation has the 
same units as the variable xi itself and can be compared easily and quickly with the mean of 
the variable to gain some feeling for the degree and gravity of the uncertainty associated with 
the random variable. The true mean or Y is not a random variable, and has a specific value 
(although unknown). 
C. 1.4 Confldence Interval 
A 'confidence interval' gives an estimated range of values, which is likely to include an 
unknown population parameter, the estimated range being calculated from a given set of 
sample data. The confidence interval is an interval that a parameter with a specified degree of 
confidence occurs in that. A selected interval does convey a measure of the uncertainty 
associated with incomplete knowledge of parameter 'values. The number that is the measure of 
this uncertainty is called the confidence coefficient (]-a). The confidence interval provides an 
interval estimate on a parameter. The statement of interval estimation does serve to emphasise 
that the value of a parameter is not known precisely and to quantify the magnitude of that 
uncertainty. In this research the confidence interval of the mean value is used. The confidence 
intervals for the mean give us a range of values around the mean where we expect the "true" 
(population) mean is located with a given level of certainty The probability of occurrence of 
the true mean in a interval with range of ±k ý12 
is as follows: 
P -k ý12 :: ý 
M-x 
:5k ý12 =]-a CA I 
0' - 
ýI 
-n 
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Where P[] is the probability of occurrence of m in the range of ±k ý12 ,m 
is the 
sample mean, Y is the true mean, a is the standard deviation and I-a is the occurrence 
probability or confidence coefficient. The term k ý12 
is defined to be the value for which 
I-F,, (ký'I) =u/2 2 C. 5 
The term F,, (k ý12 
) can be found in tables of the 'standardised normal distribution'. Then 
ak5,, ck-, 2: 5y: 5M+ 
-7n C. 6 
A researcher would prefer to employ tight intervals, that is, well-defined estimates of . 
5L But, 
as one notice, the width of the interval depends on three factors, namely, a, a and n. The 
larger the standard deviation of xi, the wider the width of the interval will be, and the interval 
will be narrow if 1-a is small. The choice of the value of a is with the user, and depends in 
principle upon the error of stating that an observed interval to contain X when in fact it does 
not. In practice, the 90,95 or 99 percent confidence intervals are used. It should be noted that, 
decreasing a requires increasing the interval width, i. e., making a less precise statement about 
the value of X. It is most important to observe that these confidence limits depend upon the 
sample size n, for a fixed confidence level, a. The interval can be made as short as the 
engineer pleases at the expense of employing more samples. If, on the other hand, the sample 
size is being fixed (and a is prescribed), the user must be content with the interval width 
associated with this amount of information. Precise information with higher confidence comes 
only at the price of a sufficient large number of samples. Taken the size of samples as 12, then 
9 the probability of true mean, Y between m±a is 
ck,, 
-2 
Nfn 
or 
C. 7 
k ý12 
kýl = Vn = -42 = 3.464 C. 8 
-, 
fn 2 
From the table of stanclardised normal distribution for k ý12 =3.464 
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=> F,, (3.464)=0.99969 
and from Eq B. 5, 
& (3.4 64) = a12 
thus (1-a)=2 F, (3.464)-1=0.999373 
This implies that, with confidence of more than 99.9% the true mean value is in the 
selected range. 
9 the Probability of occurrence of true mean X-, in the range of m±al2 is 
M- 
ck,, 
2-=M-a C. 9 
, in- 2 
or 
k=-, 
rn- 
= 
. 
5-2- 
= 1.732 C. 10 ý12 22 
From the table of standardised normal distribution, F,, (1.732)=0.95818 
From Eq B. 5, as discussed above 
(1 -a)=2 Fjl. 732)-1 = 0.91636 
This implies that, with confidence of more than 91.6% the true mean value is in the 
range mhull 
In this research, for most of the data the boundaries for true mean is selected to be as m±o,. 
In this case, the m+ a curves can be confidently (with more than 99.9%) accepted as the upper 
limit for the mean earthquake effects within engineering precision. 
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